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ARSTRACT

This research 1s a study in seepage analysis for enginsered
structures built below the groundwater table; in particular an
analysis of underdrain systems for such structures. Genearal
seepage theories and design considerations are discussed as
part of the literature raview. Also design concepts and
methods of analysis are covered which gives a brief overview of
design considerations and technigues which are currently used

for this type of seepage problem.

Fey variables to the design of an underdrain system are studied
in detail by using a two dimensional, steady state finite
element madel. Such variables studied are drain spacing, drain
width, anisotropic hydraulic conductivity, thickness of the

agui fer, head ditferential and sloping aguifers.

Fesults are presented in the form of dimesionless plots and

nomographs for drain discharge and free surface plots for the

different variables studied.
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N INTRODUCTION
:. -.3
i
::’ A For civil engineered structures which interact with soil, a
1) _ . . ) . :
o - major consideration for design 1s the presence of groundwatsre.
4o T
\ o . . i
i - Lams, buildings, dry dock facilities, underground structurss,
MY, ‘E pavements and earth retaining walls must be designed
AR
:‘; considering the quaentity of seepage, the position of the
\l s
‘ 2 free surface, seepage forces and seepage control. Goond
Py . drainage incorporated in the design of these and other
I
‘\. 4.' . .
e structures can often benefit through substantial cost
'
1S
b . reductions as well as increasing the safety and usefulness of
- the structure.
<L
l Many embarassing and sometimes disastrous problems often result
o from man’s endeavors to control seepage. Saturated soil
C
(' - . . . oy .
i e backfills bave caused many retaining wall failures due to
.
[~ increased hydrostatic pressures following extensive rainfall.
[ o
o Highways and roadways prematurely deteriorate and fail due to
.( trapped water in the pavement section. Basemert slabs, pond
liners and drydock facilities have bheen severely damaged by
NI hydraostatic uplift pressures and seepag=. Most dam and
YR
-:j slope failures can be attributed to ercesceilve seepage or
*.
W -
A
' i upliift pressures. These examples and wuntold others 1nd:. ate
4 that good seepage and drainage control together with an adeguate
P NN
N,
LS
v,
»




R understanding of groundwater is a key element i1n the design of

most civil engineering structures.

- Many civil engineering structures are located in areas where

i
* groundwater causes problems of uplift and seepage. The design

therfore must consider all problems associated with high

P
»
I.'

groundwater and what measures must be taken to assure the

ﬁ integrity of the overall design. Casagrande(196%S), in talking
:' about engineering risks, concludes that, "The margin of safety
o that we incorporate i1into ocur structures should bear a direct
fy relationship to the magnitude of potential losses, and it must
- also take 1nto account the range of uncertainty involved."

;i This important concept hopefully will be considered throughout

the presentation of facts and data obtained in this paper.

o Frior to the 20th century, analysis of seepage and the control

of drainage for enginerring structures was done by experienced

engineers who based their designs on trial and error methods

which sometimes were successful and sometimes not. Though

esperience has proven to be very neccesary and helpful in the

= design ot drainage systems, very useful tools employed today
are numerical methods such as finite element and finite

o- difference techniques which require the use of the digital

computer. Their problem solving capabilities have made

» possible solving very complicated and complex groundwater

- problems.

N
L»@L A
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The purpose of this research is to study the design of

underdrain systems for large structures placed below the

L]
L

groundwater table. In chapter two, basic seepage theories and

design requirements, designs concepts and useful methods of

e analysis are presented as a brief literature review. This

» chapter covers critical aspects of designs that should be

\ﬁ considered and contains & brief review of methods used by

) geotechnical engineers.

oo

ig In chapter three, the finite element program developed by Dr.
% M. Aral, of the School of Civil Engineering at Georgia

lﬁ Institute of Technology, is discussed describing how the

i design of building underdrain systems can be modeled using

this technigue. This finite element program made possible
studying effects of key variables such as permeability,
hydraulic head, drain geometry, depth of groundwater, and
anisotropic soils. Frogram verification is performed using

another program, SEEF84, modified by the Civil Engineering

3 v
I

Department at Virginia Folytechnic Institute and State

Y |

University, for the microcomputer. Pupuit’s solution is also
used to compare selected cases with the finite element

programs. I




)’4 i E

Chapter four presents data generated from the finite elament

study such as position of the free surface and flow guantity

for selected systems of underdrains suitable for use beneath

>

foundation. The data is presented in the form of charts and

lﬁ nomographs to be used as a guide for underdrain system design.

%

) Chapter five summarizes the results of the study and presents

» appropriate conclussions.

< Appendix A contains program documentation for the finite

>

* element program used in this study which details to the user,

i documentation to the wuse ot the program. Appendix B presents
example input and output data generated by this study.
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CHAFTER 2

LITERATURE REVIEW

2.1 Seepage Theories and Design Requirements

Groundwater

Snils, sometimes described as a porous media, 1s a mass made up
of solid matter having interconnected voids, passages, fissures
Qr pore spaces. Thaese pore spaces can be filled by a liqguid
and or a gaseous phase. Figure 2.1 shows several typical soil
and rock indices which depicts how pore spaces can act as
conduits for water or subcapillary openings in which water may

be held by adhesive capillary forces (Meinzer,1942).

The soil mass forms a complex network of irregular passages
through which the fluid may flow. A key parameter of
groundwater movement is the porosity of the soil. As gravity
acts on the fluid, it moves through the pore spaces at varving
rates through each open pore space. From a macro scale, this
flow has been mathematically described by several authors
({Bear, 19813 Terzaghi, 194Z; Cedergren, 1977: Harr, 19425

Bouwer, 1978;Freeze, 1971).
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Figure 2.1 Diagram showing soil and rock interstices. A. Well
:E sorted sand deposit having high porosity; B. Foorly sorted
W deposit having low porositys; C. Farticles that may be porous
themselves; D. Deposit whose porosity may be diminlished by
deposition of mineral matter in the interstices; E. Rock that
! is porous by solutioni F. Rock that is porous by fracturing
N (after Meinzer, 1942)
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Moisture content in soils can vary with depth from the surface,

~

as shown by Figure 2.2. Most seepage problems considers the
zone of saturation which is the zone where the soil mass 15
completely saturated. The terms groundwater level, phreatic
water level, water table, free surface or groundwater surface
are all synonymous to denote the level of water where

atmaspheric pressure exists.

Ground surtace Sonb water
Sothwate v '
wlwater zon \ . Well
A LN o
- - ==~ S ot
EC Intermediate | -
2 = (Vadose water) | lg‘lll;Lllur and
Sz rone ‘ gravitational water
] ; . — /
E o J \}‘ :I)
U 2 N T R Y NI R il
- = s ™~ Capillary water )
= Groundwater Water-
o= 1 s . N . . - % v
2 2 Capillary {ringe Groundwater table
R zong i : ;
~ ;‘ | ’,lmpcnunw
s st SIS IS e e S A 0 S S S A Sy AT IS s A 2 A
Figure 2.2 Subsurface groundwater distribution.
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In dealing with capillary fringe in fine grained soils the
height of water can very significant. As the pore diameter
decreases, the capillary rise increases. Although the soil 1s
considered unsaturated, the soils moisture content will be

higher with depth.

The zone of capillary rise and fringe zone may contain large
quantities of water for fine grained soils. Water removal by
drainage, due to capillary forces, may be difficult for such
fine grained soils. Figure 2.7 shows how the actual moisture
distribution is approximated by a step distribution. This
approximation of the capillary fringe level above the free
surtace, h, , is often neglected in sSome seepage problems.
Several emperical methods, based on grain =zize diameter and

parosity of soil, are available to estimate h, (Mavis and

Tsui, 19393 Folubarinova, 1992, 19462; Silin Bekchurin, 1758).
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Figure 2.3 Approximation of phreatic surface and capillary
fringe zone. (after Bear, 1979)

Many textbooks on seepage and groundwater discuss water bearing
and retention capibilities of the capillary fringe and

movemant of moisture through this zone (Terzaghi, 1947; bFovacs,

1981; Sowers, 197%). However, when this height of water is very

small relative to the total thickness of the aguifer, the
capillary fringe is sometimes neglected. The geotechnical
engineer should be concerned with the unsaturated-saturated
flow condition when the stability of the engineered structure

is to be anmalyzed, such as a dam.

Groundwater analysis for seepage problems must consider the
quantity of water to be drained, the soils resistance to
drainage, and what effects the drainage may have on the soil

and the structure. Movement of groundwater can be categoriced

9
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A0 EoNITATA ! G




either as seepage; capillary rise or flow; percolation; or
turbulent flow. For this study, only movement of groundwater

' by seepage is considered.

Design Requirements

Structures built below the watertable must be designed 3

2

considering the following:

(1) structural ability to withstand the applied hydrostatic v

5

-

water pressures,

-~

(Z) drainage control which short-cuts the flow or movement '

o

of groundwater from getting to the structure,

< (3) drainage control which is incorporated with the overall

design to remove the groundwater,

(4) assure water velocities be small enough to prevent

excess particle migration and erosion.

s
r."
2

Savings of dollars, time and natural resources can be t

% recognized when structures can be considered on dry, stable £

R

v

material;in addition to thinner basement slab thicknesses may )

be used.
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Darcy’s Law

In 1856, Henry Darcy investigated the flow of water in vertical
homogeneous sand. This work has developed the most fundamental
relationship which is still used in seepage analysis today.

Darcy’s Law states:

where @ (L3/T) is a volume discharge or flow of a given

cross—sectional area, A (L2

) in a given time. The discharge is
also a function of the hydrauwlic gradient, 1 (L/L) and a
resistance coefficient, k (L/T), the permeability of the soil.
investigators, Muskat (1937), Taylor (194%9) and Leonards
(1962), have concluded that Darcy’s Law is valid where

velocities are low or when flow is laminar, i.e. Reynolds

number less than 10.

Hydraulic Conductivity

The soils resistance to flow or the coefficient of
porportionality, k, for Darcy’s Law, is also called the
hydraulic conductivity. Hydraulic conductivity is a
coefficient which expresses the ease or resistance the water
has flowing through the soil. It depends on the soils matrix

and fluid properties of the permeant.
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Many researchers have performed tests to attempt to developes
empirical relationships of the soils properties to hvdraulic
conductivity. Some of these properties considered are grain or
pore size distribution, shape of the grains or pores,

tartuosity, specific surface and porosity (Mitchell, 19763 kKozeny,
19273y Carman, 19%9%6; Cederqgren, 19773 Kovacs, 1981). All report

that careful field investiagation and car=ful conductivity
studies are necessary for each design. Figure 2.4 is presented
to show some characteristics of various soil types and most

important, methods for determination of selected properties

(Terzaghi and Feck, 1948).

In the unsaturated zone, the hydraulic conductivity, moisture
content and pressure head is extremely complex and not well
understood. Again, field measurement 1s the best method for
obtaining the best parameters, such as the use of theistor
psychrometer (Fay and Low, 1970) or gamma tay absorption
techriques (Ferguson, 197G; Aral, 1983). However, many

Y

empirical formulas have been developed to relate the scil

parameters to a relative hydraulic conductivity of the

un—saturated zone (Fovacs, 1981; Irmay,, 19%94; Childcs and
Collis—~George, 1930C; Gardner, 17S8; HBrooke and Corey, 15606;

Maslia, 1980; Reeves and Duriguid., 197%5).
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2.2 Design Concepts

Seepage Farces

The effects of water on the sail and the structure is
controlled by the pressures in the water. In soil mechanics,
the water pressure is defined as neutral stress. For water not
moving, or steady state, the pressure can be computed from the

basic equation of hydrostatics

h = F + =z (2.2)
P
where h, energy head, is equal to the positic ., z, plus the
pressure head or piezometric head, F/Yy, . Typically 1in

seepage designs, the velocity head is very small and mav be

neglected. Then the pressure head plus elevation is equal to

head, h (Cedergren, 1977).

For the condition that water pressure is greater than the total
load, say of the soil and structure, the pressures are termed
uplift pressures and liquifaction can occur. Therfore the
control of uplift pressures must be a primary design

consideration.
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Critical Velocity

According to Darcy’s Law, the discharge velocity of seepage

»

A

through soil is

h ]

-

(2.2

v
<
o
il
x
F
-

-
- Seepage is only occuring through the pores and voids.
-
v, Therefore the true seepage velocity should be a function of the
}'
porosity of the soil mass. Re-writing egquation (2.73) the
.:'
'-' seepage velocity can be expressed as
.:: k x 1
T Ven = (2.4)
2. rLe

s "r. 2

where n e 1s the effective porosity.

In flow conditions, the saturation of soil is moving i1nto or

Fy
s

o away from the unsaturated soil. The capillary head, h,. ., 13
-~
working with gravity to increase the hydraulic gradient. For
5 this condition the hydraulic gradient can be eupressed
3
\i
. . h * hg
- L (2.59)
; ~
'i. Figuwe 2.5 depicts this condition for flow through a sand.
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Filters

A very important design consideration is the possibility of
seepage forces moving erodible soile and rock, termed piping.
Betram (1940), under Terzaghi and Casagrande, established the

tollowing criteria for filter design, based on grain size.

D (of filter) D (of filter:
15 <4t05< 15

( 501 ] ¢ i1 (2.
D85 (0Ff s01l) D 15(of soil) ( 7)

This relationship is represented by Figure 2.6 to illustrate

the prevention of piping by filters (Cedergren, 1977).

LEGEND
77 = in-piace soil \ - Destson
. v

® = [ sciparticle, St R
~trapped in filter ’

] 5 /".—\’
> /é-. Vo
g = sl which has v P YV
~ugrated into filter ) s !
and 15 held by D, \ /. =
size soil particies e /‘ —- )

Nom.nal boundary oo R )
betore stabilization — ‘

el A \
ur.ger seepage //.‘/ (/ //./ -

Figure 2.6 Illustration of prevention ot piping by filbtears=.
(after Rankilor, 1981)
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The ratio of Dj5 of a filter to the D85 of a soil is

considered the piping ratio. Many authors and organizations
have established other criteria for filters, similar to that of
equation (2.7) (U.S. Army Corps of Engineers, 1941, 1955; U.S
Bureau of Reclamation, 1955; Sherard,etal, 1963%; Cedergren,

19773 Thanikachalam and Sakthivadivel, 1974).

Filters must be designed to meet two major requirements; (1)
they must be safe with respect to erosion and piping, and (7
must have sufficient discharge capibillities to remove the
seepage quickly and efficiently. This must be done without
inducing high seepage forces or hydrostatic pressures. Me
right side of equation (2.7) states that the DlS size of a
filter should be at least 4 to 5 times the D5 of the soil.
This insures that the hydraulic conductivity of the filter ard
drains is sufficient to prevent the build-up of large seepage

forces and hydrostatic pressures.

There i1s a wide range of engineering properties of materitals tuo

be considered for filter drainage systems designs. Froperties

which may influence hydraulic conductivity are grain size,

density, mineralogical composition, the nature of the permeant o

the degree of saturation. Much work has gone toward methods

for determination and factors which influence hydraulic

conductivity (Milligan, 1975; Lambe and Whitman, 1969; ,

Yemirngton., 1947; Bouwer, 1978). There is still much research

necessary to understand better this property of soil.
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Trench Drains

For the application of drainage for structures built below the
water table, the use of trench drains, which acts as collectors
of the seepage or may contain collector pipes, is a very
efficient method. Figure 2.7 shows the typical cross-—-cection
which may be considered for the application of this type of

17 a1nage svstem. Trench drains will be discussed further ir
-re report and their utilization for this application will be

57 .1red1 1n mare detail.

— BUILDING T

“REE SURFACE

TRENCH DRAINS

Figure 2.7 Typical application of a trench drain system.

19

gf:«
o
=¥
X

L T TR & TR T R I A R NG
s \*'n'i}‘:;:l‘!ﬁ j ) -."",\.:l_‘.? ."! Y -.m )

-~ v.os_ s
P T atrl

B 1 5 4 5

'..”- r 3 v e VY

()

LR R

')'I »

Sy
e

S

e

Sy 2 Ayt At .

:t SR

P
LR ]
)

0,

YRR} |[CrIOrany) &



L ana oAl of headlac i Ad-oabiamie Ja- aa- e A hat Saddec das fas dal Ues G2 Sad Sun Sat acd Aok 2o

Geosynthetics

VAl w‘&

Today, new svnthetic membranes are used to serve the purpose of
eirther filtration or seperation. This two factors are very
1mportant parameters for most seepage problems. Figure 2.8

shows comparisons of some of the features of membrane-wrapped

S TR e

drains to conventional granular pipe drains. Also Figure 2.7
?Q shows the bridging effect caused by good seperation of the

mw larger materials and smaller particles.

‘::. Gragular drain Membrane-wrapped drain
Yy ¥y >y i Py ¥ ¥ ¥

I Pipe drains e . Cos' oi shoring

. need frequent I Sand and stone must be up open trench

A rodding points supplied and laidtoa strlc! L~ is eliminated
Expensive ’ specification. Very expensive. 5

- ' : 5 Granular fill only

/ ; Pipe is expensive to buy, and 58 emms  SUppoTrts trench,

Pipe must be z must be laid by hand. Trench @5 So can be cheap
tevelled by must therefore be wide, and b3 '_J_._ specification
engineer, to timbered if deep. !,‘t This drain is

. be an exact o rain is very

;/tj gradient. This is expen- The deep transporter means / L& much quic;er to

» .

i sive. Trench must be left that settlement can take place s gg':::(;‘:ztﬂogggd
open for this, and can get without the drain blocking — ¢
silted up during storms. unlike a pipe - ground.

. Narrower

! Well-point Wide trench tcaal::art:?jeeper width because no pipe to be

pumping means more because sides laid, so men do not have to
» may be excavation and d tneed gointo the trench.

necessary to more backfill than is o no
lay the pipe. technically necessary support

4

Figure 2.8 Conventional granular pipe trench drain and
membrane-wrapped trench drain. (after Rankilor, 1981)
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Magnified cross section of permeable membrane
filter drain

——

<

§ \,
'  Stone filled
% '. "I. drain
o 'Y
g -
- -h:.‘
P '3
o >
i - Water

=

Original Filter Bridging Drain |
] soil zone network !
o structure  in soil of larger |
L) (sometimes particles  Membrane [
called
Filter Cake)
%
-
)
3
Bt

Figure 2.9 Bridging effects caused by use of membrane filter
material. (after Rankilor, 1981)
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| A good representation of how geosynthetics combine actiaon of

seperation and filtration, 1s shown by Figure 2Z.10. As water

has more area of flow with the membranse, the seepage can be H

o
2T

considered to be at a faster rate or drain quicker (Rankilor,

1981)

Without membrane ) With membrane
;g v
> |
’ 1
A" i b,
. Pressure \ /
L f N [ Pressure ! / / y/
7/
Water tries to ! Vta,ter ?r ? ,f
-1 escape through Clay | ! escapes . Cla
. . small area SECTION soil rapid?y SECTION so“Y_
“ \J (00O O
" Clay i
: ‘ soil ; Clay
i (::) soil
5 | NG
i.‘ !
LIS / \‘ r\ [ ‘ >
| /)’\\ (ll
' / Without membrane | } 4 With membrane
- Small surtace area Large stone/clay =~ Large surface area Small
for moisture l10ss contact area for moisture loss stone/clay
contact area
%
o
Figure Z.10 Seperation effects by using a membrane.
- (atter Rankilor, 1981)
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2.2 Methods of Analysis

In amnalyzing seepage problems; geometry, boundary conditions,
soil parameters, flow quantities and location of the free
surftace must be quantified by some means. Though this involwves
many considerations, the englineer must gain reasonable safe

results for the design.

Through the history of seepage analysis many technigues and

methods have been developed, such as graphical, amalytical and
numerical solutions. Gtill used today is the graphical method
of flow net construction. However with the complex geometries
envolved and via the speed of computers, numerical madels have

been developed as very useful tools for the engineer.

Flow Nets

Many researchers have developed methods for analyzing flow

through porous media. The oldest, developed by Casagrande and

Terzaghi (1927), is the nse of flow nets, a graphical approach

to seepage analysis,
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& The continuity equation in the form p
!

. du v dw (2.7) '

’ o 3 + _a— + g_ = 0 M

% v Pl
i
& shows for a Cartesian coordinate system, the quantity of water ¢

entering an element must egqual that leaving. The terms u, v

[l

and w are discharge velocity components of directions x, v and ),

z» respectfully.

ol

B2

According to Darcy’s Law, expressed by equation (2,3), the ¢

component of discharge velocity can be expressed

CA

Substituting into equation (2.7)

~k(oh/3x) -~k {3h/3y) -k (dh/32) (2.9)
2 3 —— 4+ 3—— + a——— =0
. 9 dy oz
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Ny If k is constant for the element and then expressed 1n a

. typical two—-dimensional form, equation (2.9) becames the commaon
Laplace equation.

2 h (2.19)
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The general conditon of flow analysis using flow nets 1is

~

-
I represented by Figure 2.11. Rules and good examples are

presented 1n many textbooks (Cedergren, 19773 Harr, 19&67).
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Free water surface
(uopermost line of seepage)
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Figure 2.11 General condition for flow lines and
equipotential lines in flow net construction.
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- Dupuit Assumptions '
F
- For unconfined seepage problems the engineer must calcul ate -
‘h.' &
the location of the free surtace. Many problems of flow have y
\:'- been appro-i1mated based on the Dupuit theory of unconfined .
<« flow. Dupuit (18°97) assumed; 1) 4or emall 1nclinations of N
13 A . '
the linme of seepaye, the streamlines can be taken as horizontal
- and equal otential lines vertical, amd () the hvdraulic 3
) g P N
P 13
gradient was egual to the slope ot the free surface and b
- tnvarient with depth (Harr., 1967). 5
‘
4.“
-" -
N Harr (1952) Ji1ves many e-ample problems and has derived the W
4
i condition of free surface elevations as shown by Figure 2.172.
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Figure 2.12 Simp'= free ur face notation. 3
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In the case of Figure 2.12 the Dupuit formula is expressed as

q=k — (2.11)

Manyv other reports and textbooks have presented charts and
nomagraphs based on these assumptions. Later in thig study a
nomograph for a simple trench drain with blanket drain
solution developed by the Federal Highway Administration (178G)

will be presented.

Numerical Analysis

Flow through porous media has been approximated by many authors
using ordinary non-linear differential equations and partial
differential eqguations. Coupled with the speed of the computor,
numerical solutions to many seepage problems have been
developed. It should be pointed out that complex mathematical
problems solved by numerical methods, are only as accurate as
the math model can represent the conceptions and phenomira of
seepage f1low. In most cases, simplification is the rule, and
numerical models can only be treated as approximations to the
actual occurances. Nevertheless, the number crunching
capibilities and time savings involved gives the engineer much

needed time for the true analysis of thz seepage problem.

The analytical and graphical methods mentioned previously are

gsometimes difficult and limited to flow systems which asre

27
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relativly simple. In actual field conditions, the soils may be
heterogeneous and anisotropic and boundary conditions very

complex. These conditions make closed form methods very

'E difficult and many simplifications would have to be made.
»
However, with the numerical models, these complexities can be
.
1
= easily handled and many more check cases can be made in much
o less time.
-~
-
-
e Finite Difference Methods
r < Many numerical computer models have been developed using finite
<~ difference methodology. Since the classic work of Feaceman and
<.
"-

Rachford (19935), the o0il industry has sponsored many studies on

model development. A good historical background of the finite

R
.

' difference methods developed in seepage analysis 1s giving by

B4
ale

Huyakorn (1983). Worth mentioning are the works of Cooley

(1971) and Freeze (1971) in the development of other finite

r

difference models. These models solve for the free surface and

,i treat the saturated-unsaturated flow as an immobile air phase.

“l

= |
A Finite Element

-~ The finite element method for solving subsurface flow has been
o widely used and researched be soi1ls engineers and groundwater
3 '.:-
) hydrologists. The program used 1n this research and discussed
' i in more detail in Chapter 2 is a finite element model.

‘-.)
» \‘-
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Most finite element models are built on the Galerkin method.

Some earlier finite element models for steady state and
saturated flow were developed by Desai and Abel (1972), Conner
and Brebbia (1977) and Zienkiewicz (1977). Finder and Frind
(1972) used isoparametric gquadrilateral elements with the
Galerkin®s technique. Neuman (1973, 1974) used a four node
quadrilateral element. A good reference for other works i1n the
finite element models that have been developed 1s reported in

Huyakorn and Finder (1982) and Heijde (198%5).

Some significant works were those of Taylor and Brown (1967)
where a finite element model was developed for seepage through
a dam solving for the free surface. The flow was only
considerd for the saturated zone :n this model. Freeze (1971)
demonstrated that the conditions of the unsaturated zone may
strongly influence the position of the free surface and results
obtained not considering the capillary action for this case
could be 1n error. Fredlund and Morgenstern (1976) developed
impraved constitutive equations for an unsaturated soitl. Lam
and Fredlund, etal (1984) presented additional theories and

numerical development for further modeling techniques to

consider the unsaturated zone in seepage analysis.
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FINITE ELEMENT STUDY

J.1 Finite Element Frogram Theory

Introduction

Finite element analysis of seepage problems can be described as
follows (Huyakon and Finder, 19837):

(1) A discrete number of interconnected nodes to define a
series of sub-regions or elements. These can take the form of
triangles, guadrilateral or rectangular shapes which are so
spaced to define the geometric boundaries and soil types.

{(2) A matrix expression is developed to relate flow
variables to each node of the elements. The mathematical
expressi1on may be of the form of either a variational or
weighted function. A weighted residual function is used 1n the
Galerkin method (Conner and RBrebbia, 1977).

(Z) A set of algebraic equations that describe the entire
glaobal system is applied to assemble the element matrices.
These equations are derived to consider compatible conditions
at each node shared be each adioining element.

(4) Boundary conditions of flow are incorporated to reflect
appropriate limits to the global matrix equations.

(%) The resulting set of simultaneous algebraic equations

are solved by some alogrithm method. Many algQorithyms have
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~é beerr used to efficiently take advantage of the banded and

' symmetric features of the coefficient matrix (Bathe and Wilson, d
1876) . v

& ]

)

The finite element method has great potential in seepage

analysis problems, in that the complex geometries of flow

o regions can be easily constructed via nodes and elements.  This

1
i

chapter will present the general theories and formulation of

-

b‘ equations for the model used in this study.

".' .
- Frogram Theory

- g
he .
. o

A finite element program developed by Dr. Mustusfa Aral of the

School of Civil Engineering, Georgia Institute of Technology,

[

was used to study the flow and variables involved for

LR

€ 4
.

subsurface drains as earlier described. This program was used

to see effects of different parameters 1n the analysis performed.

x|

The program was operated on the Georgia Institute of Technology g
s main—frame CDC CYEBER computer. A complete user’s guide for the

program is included as Appendi:x A-1. Also example input and output

= :
Y used in this study is included by Appendi:x EB-1. The formulation :
» for the program presented here was summarized from a previous stud. .
2 ;
{Aral, Sturm and Fulford, 1981).
‘- 9
This model only cons:iders the flow condition of the free K
- surface being the point where the water level 1s at atmospheric ‘
. pressure. In other words, this model does not treat the .
4 R
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unsaturated zone of the soil. For this study the flow contipum
is modeled to determine the quantity of flow at each drain and
to determine the free surface location between each of the
drains. This model also computed the velocities at each

element for a good check.

Equations of Flow

Darcy®s Law is used as the basic relationship governing
groundwater flow. Flow is assumed to be laminar and the
inertial forces are negligible compared to viscous forces.

Rewriting Darcy’s Law in the cartesian coordinate system:
v ==K V h (Z.1)

where V is seepage velocity, h is piezometric head and K the
hydraulic conductivity. In the two dimensional case, equation

(3.1) can be written as

3h
v o= - Ky — , i=
3 X

—
2
A
tJ

where K is a conductivity tensor.

ii
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The continuity equation for the flow 1n an element of soi1l can
be expressed

3
(Ovi) = - _(Moy)y , 1=1,2 3.3
3 ot

)
i

L

where 0N is porosity of the soil and p is the density of the

=

fluid. Assuming the fluid and soil particles are

=2

incompressible, equation (Z.2) and (Z.3) can be used for the

following expression in the two-dimensional form:

Q

I [°%)

T
1}
.—I
it
—
rJ

3.9

ﬁ'vl
[

. Figure 2.1 can be refered to for notation of the key variables

used is this study.
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Figure 3.1 Typical Underdrain System with Variable Notation
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Boundary Coanditions

For free surface problems, which 1s the case for this study,
the exact location of the phreatic surface is not known at the
beginning of the solution. Location of the free surface i1s an
iterative process using two independent boundary conditions
available at the free surface. The line of seepage at the free
surface is the upper streamline of the flow domain. At every
point along this streamline the pore pressure is at atmospheric
pressure and therefore the piezometric head equals the elevation
head. Also the flow across this boundary is zero because of it

being a streamline.

Considering the seepage domain as depicted by Figure .1, the
steady state boundary conditions can be described as follows:

(a) Impervious Boundary (AB): The program considers this

boundary as a streamline where velocity to this boundarv equals
zero.

{b) Constant Head Boundaries (AC) and (EF): Constant

hydrostatic pressure is exerted on these boundaries where total
piezometric head is constant, i.e. equal to the water level 1n
a piezometric tube.

() Phieatic Surface (CEY, (FG), (HI), (Jk) and (LM): This

boundary is a cambination of both cases (a) and (b)) above. By

iteration., described later, both conditions must be satisfied

independently.

e 4 m A A S S ASER s
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(d) Seepage Faces (EF), (GH), (IJ), (KL) and (MN): Seepage

forces occur at these boundary faces where water exits through

the so1l continum, i.e. trench drains.

flow

must be normal to these boundaries.

36
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Finite Element Formulation

General Equations

XY

The +irst step in solving the seepage problem by the finite

e

element method is to discretize the flow region 1nto a finite

i: number of subregions called elements. Using finite elements,
M equilibrium equations must be made to handle the geometries

§; involved. This results in a set of simultaneocus algebraic

. equations rather than differential equations. Figure .2

-:E depicts the guadrilateral elements used for this program and
o shows how four six nodal triangles are formed internal to the
o

: program. A more detailed description is of finite element

i equations and formulations can be found in Zienkiewicz (19271),

Desai (1972) and Aral (1974, 1976).

F—ELEMENT CORNER

") 3 NODES
Z

®

_;'. MID NODES
3

hedd
-

Figure 3.2 Typical element and nodes
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A finite element approximation to eguation (3.5) can be written
through a variational approach. Assuming Dirichlet and Neuman
boundary conditions, and considering the two dimensional case

of steady flow, the following equations can be expressed:

h = h on S5 (Z.7)
3h 3 _
and Vn = - K’ll? anl + }:1.22;(1“ = Vn on 82 (2.7

where h is the specified Direchlet boundary condition in terms
of piezometric head; G; is the velocity in the direction
normal to the boundary; & , and O, are the direction cosines of
the normal with respect to ) and Yo i and S1 ard 82 indicate

respective boundaries of the domain. From equations (2.35) and

{3.7), the following variational statement can be written:

3 ( 3h) 3 d h
— K — + — |k 9y — Shd:, dx
~ 11 22 1=72

A 3,\ 1 0 ).(1 sz ] P

= {"h - V“; Shds (Z.8)
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Integrating by parts one obtains

dh 9 h 3h 3 6h
Ky — — + Ep5——— —— dx, dx
11 22 1 2
A & 3 ‘,(1 8)-(2 3)-(
- S vV,8hds = 0 (3.9
SZ

Since from earlier discussed boundary conditions as for this

problem studied, V, = 0. Thus, equation (IZ.9) can be further

simplified by eliminating the boundary intregrals.

Assuming equation (3.%9) is written for a single element, matrix
equations can be generated using an interpolation function for
approximating h over an element. The interpolation function

used in this model is given as

h = N hyp o= 1,2, Teneb  (I.10D

where hp’'s are the unknown nodal values of the dependent

variable and N, is the interpolating polynomial used to

approximate h in an element.
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. For a typical six-nodal triangle element these polynomials are

glven as

» 3
Pl s

N = E (D&, —-1) i=1,2,3 (X.11)
- » = j = 2,3, I.12
:i and N | 4 Eiij j 2,7%,1 (Z.12)

N where 61,52 . and £3 are area cordinates defined by the

following relations

1 (Z.12)

A A 3
‘J-‘ g = - g = — g = -
1 A 2 3 A

where A], Az and A jare the areas of the three subtriangles

"
& subtended by the point (F) and the corners, the index on (A)
. designating the opposite cormner numbers, and A is the area of

-

the triangle (123) shown in Figure =,73.

Put XQ1

b 'J.‘-‘_ B

side 2, Eys 0

i .

Figure 2.2 Area coordinates.
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To simplify the resultant equations, the origin of the local
axis which defines the local coordinates of the element, nodes
are placed at the centroid o% the element and the principle
axis are inclined angle ® in the direction of local

anisotropy.

Substituting eguation (3.10) into equation (2.9) the final form
of the approximating equations in an element can be expressed.
The stationary condition of equation (Z.9) is obtained by
equating the first partial derivatives of the function, with

respect to the undetermined parameters, hj . to zerao:

1¢h),h, = \\ {K M N b M My h ds. d
" 53 S, i T (1T
o 1 1 2 2
1, = 1,2,3y...6 (T.14)

. ) . . . . e
This results in a six by six element stiffness matrix, S, and

e
a six by one element load vector F.
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. The si1x by six element matrix equations of equation (3.14) is

wrritten ).

ts® e = (F% (3.15) !

g where Ef

™ AN, N, AN, 3N

R 3 = K i __ 3, Ky — — dy i s ‘
e BAI Bxl 8A2 9 p

- i, 3= 1,2,3,...6 (Z3.16)

Exs

The same procedure is taken far all elements. Then the total

¥
§ stiffness matrix is arrived at by combining the element

- stiffness matrices using structural assembly techniqgues [
i (Zienkwicz, 1971) \
-c':

For a grid of elements, a system of banded simultaneous

equations results:

N
)
i)
. £S1 “h’ = {F’ (3.17)

€
- .
s J
5

where [S] 1s the global matrix of cofficients which

hE NP NN

incorporates the properties of the materials and the geometry ot N

¢ 1

the elements; {h) is the vector of the unknown h's at the
W nodes; and {F} is the load vector. After the introduction of

appropriate boundary conditions, this system of equations can

[

now be solved by computations for the unknowns, h, vyielding the

('Y

piezometric head distribution in the solution domain. -
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Free Surface Computation

The flow domain must initially be established assuming an
arbitrary free surface, i.e. the user initially estimates the
tree surface loacation. All boundary conditions are solved for
the preset conditions of the problem. The nodes which are not
fived are allowed to move, where during the adjustment the
interior nodes are also moved in order not to have distortion
of the elements. Then additiocnal iterations are made until all
boundary conditions and user prescribed error correlations have

been met for the configuration.
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2.2 Variables and Dimensional Analys:is

The variables investigated in this study are shown in Figure

element

hi]

3.1. For the analysis of seepage using the finit
program, variables were changed for each computer run. From
2ach run data was generated to compare the changes occuring for

each variable change.

Only the two-dimensiaonal flow condition was considered in this
study. For this flow condition, the building drainage system
is in one cross-section of the building where each drain
collects the seepage and collector pipes or drains take the
drainage by gravity to a sump or some exit drain. This is

depicted by Figure 3.4.
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Figure 3.4 Underdrain System For Seepage Removal. Ay
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The total discharge of the system, Qq s+ can be express as the

following function:

qp = §( HT, h 4 dys Sps K 5 S 8 (3.18)

where qr =

)

]

w
i

total discharge of all drains, i.e. the sum of
discharges through each seepage face for the
model, ft 3 /day/ft

depth of saturated so.l from the drain
discharge elevation to the impervious
boundary, ft

fivxed head of above the drains , ft

drain width, ft

drain spacing, ft

hydraulic conductivity of the scil, ft/day
difference in elevation of the free surface to
the water level of each drain, ft

slope of the impervious boundary with

horizontal, ft/ft

Dimensional analysis of equation (Z.18) yields:

(Z.19)

Since permeability is moved to the left side of equation (3.19)

these variable is made proportional to the discharge. The

elevation of the free surface, Spg, 15 an output variable, so
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it is not given in equation (3.19. Also since the slope of the

impervious boundary, 8 , is already dimensionless it can be

given as & single term in FT/FT.

The effects of these functional variables and other results are
given in the form of dimensionless plots in Chapter 4. A
discussion of the results is given in that chapter. Since
considerable interest is in guantities of discharge and the
location of the free surface, this analysis can be used to see
trends and effects that each variable has on the seepage

domain.
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<4 .4 Program Verification
i To verify that the computer program used in this study 1is
:E giving valid results, two other methods of solutions were used
x

tor a selected check case. Another micro computer finite
! element program, SEEF, and an appropriate analytical method
< based on Dupuit’s assumption, was used for the simple
t} configuration of & drainage blanket with a single pipe type
'ﬁ drain (Duncan and Wong, 1'83). This is shown in Figure 3Z.5.
e

§ 7274 \\\\

P

Yy
O

~
N

et
5 Y.

A

Figure 3.5 Check case example of a blanket drain with single
pipe trench drain.

. .;'

A grid was generated for the SEEF program to match the

i configuration and boundary conditions as by Figure 3.4. The
“ total flow for this check case is calculated by the SEEF

™~

’\

program as based on the Dupuit assumption of a fixed domain and

fixred amount of head. Seep also tabulated the flow guantities

_Fand

for all nodal points with fixed heads. For this model, the

v}
&
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free surface converged on the free surface location with an error

criteria of 0.16 feet.

The location of the free surface as computed by the Georgia
Tech model converged to the free surface having an error factor
of only 0,001 feet, a much more accurate and sensitive
convergence. However, the two madels compared very close as
far as the location of the free surface. Table 3.1 lists the

elevations of the free surface nodes for the two models.
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TABLE Z.1 Elevations of the Free Surface Nodes
SEEF:VFI Ga Tech
Model Model
¥ coordinate y coordinate
0 78.00 78.00
40 72.55 72,73
70 67.07 67.57
80 &4.27 65.17
B85 62.03 6%.84
87.5 60.39 8.7
F0 58.00 38.00~_drain location
Q2 58. 00 58. 00
?5 60,08 a8.32
97.5 bl1.16 62.15
100 61.92 62.52
106 63,00 63.28
113 63.76 63,93
130 64.26 64.42
1350 64.42 64,62
50
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To verify that flow gQuantities were accurate for the Ga Tech

model, results were also compared with the results obtained
frrom a Dupuit assumption solution, developed by the Federal
Highway Administration’s, Highway Subdrainage Design Manual,
{1980). Figure 3.6 was used to calculate the guantity of flow
to the drain. The following calculations based on Figure 2.6

are presented:

b 1 l_i 71
_— = — = 0.017 —_— = — = 1,37
H, =8" H o8°
E(H = Hg) 0.2(787-58")
= = 2.17 (from Figure Z.5)
a2 a2
0.2(20)
therefore g, = ——————— = 1.84 CFD
2.17
q 1.84 q (H - H 2 (20)
—2= =9.22 , — = o = = 2.22
b 0.2 K 2L —-b) 2(91-1)
9d
— = 9,22 + 2.22 = 11.43
[
therfore 9q = 0.2(11.44) = 2,29 CFD

The results of this computation is compared with the results

of the two finite elements in Table Z.2
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Figure 3.6 Chart for Determining Flow Rate in Symmetrical
Underdrains (after FHA, 1980)
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Table 3.2 Discharge to the drain check cases, CFD

Discharge, CFD

1~{' SEEF:VFI Model 2.15
Ga Tech Model 2.34
! FHA Nomograph 2.29

et
72 a

In summary, the Ga Tech model compares very well with other
g model and with the FHA nomograph for flow quantities. The BGa

Tech model was found to more errcr criteria sensitive. The

> free surface location check also proved to compare very well
15 with the SEEF model.
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CHAFTER 4
RESULTS AND DISCUSSION
4.1 Introduction

This chapter discusses the analysis and results of the two
dimensional, steady state, free surface finite element study of
seepage to building underdrain systems. Details presented
include model set-up such as boudary conditions, grid
development and basic first assuﬁptions. Output variables
considered are total discharge and discharge at each drain,

plus the free surface elevation between the drains.

In studying sensitivity of the model for the input variables,

it was found that the distance from the Dirichlet boundary

face, or constant head boundary, Li, to the first drain was
critical. Li was found to be critical in terms of output
charcteristics, i.e. discharge and location of the free surface
between drains. Therfore, two sets of results are presented for

two Li distances of 400 feet and B0 feet.
« = Model Set-up
Figure 4.1 shows the basic grid that was developed for this

seepage problem. Using 150 elements and 321 nodes, the

geometry of the mesh was ba?fd on a five drain system. The

‘
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sides and bottoms of the drains were modeled as seepage faces.
. Using the two-dimensional model, the fifth drain is considered

to be at the building centerline. Assuming symmetry, only

s one—-half of the building was analysed. The left most

! boundary, as shown in Figure 4.1, 1s a Dirichlet boundary

& condition which has the constant head required to allow for the
ﬁ seepage to enter the drains.

™

o

}: Listed below are some basic assumptions for the study made for
. this seepage problem:

- (1) Steady state flow conditions

:: (2) Two-dimensional analysis where the right most

~ boundary is the building centerline and by symmetry the flows
& are only one-half of the total for the total width of the

.. building.

%; (3 Free surface nodes move to the computed phreatic

. level, i.e. piezometric head equals atmospheric pressure at the
) upper most nodes

Eﬁ (4) Fartial saturated flow is not considered

- (5) Evaporation is not considered !
:3 (6) Retardation is not considered

Q: (7) Infiltration is not considered

~ (8) The so0il is homogeous being either isotropic or

;; anisotropic.
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4.7 Variables Used

For this study, key variables were used in the finite element
model to look at their effects on the flow of seepage for the
building underdrain system. Two major design parameters

necessary to model any seepage problem is the total discharge
of the drain system and the location of the free surface. For

this study, the following ocutput variables are used:

qq = discharge or seepage quantity to each drain
(cubic feet per day per linear foot)

qr = total discharge of all drains (same units)

SFS = height of free surface above drain elevation.

Discharge guantities are in units of flow quantity in time par
unit length of the total flow continum. Therfore, flow for a
total system should be multiplied be the length of the

structuwe, i.e. in the third dimension.

Input variables used in this problem to study their effects on

seepage are listed helow:

Li = distance from the left most constant head

boundary to the first drain (feet)

b = hydraulic conductivity (feet/day)
kv = hydraulic conductivity 1n the vertical N

57 2
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direction (feet/day)
. Fh = hydraulic conductivity in the horizontal
direction (feet/day)
, g
j$ h =  hydraulic head of flow continum above the N
drain elevation (feet)
Pa, [
. Hr = depth of aguifer between the elevation af the
a drain and the impervious bourndary {(fesat)
Sp = spacing between drains (feet)
:l

Dw = drain widhth {(fest)

.

8 = slope of the impervious boundary ()

[ Sl

t% For better reference to th2 notation of the variables refer to

e b
Figure 2.1 in Chapter I, ]

ii .

For this finite element problem the units of feat

.3 - s 4

[iat
) .
B vsed to glive results for the output variables in cubio foe
1

. dav and feet per day for velocity.
b Hydraulic conductivity or permeability values used for thisz

study were O0.0002, 0,02, 0.2, and 4 fest per Jday. A o soll’s
-
By .
"4 Fvdirawlic conductivity having a valwe of 000000 fest per day is by
- agulvalent to a fine gralined soil such clay. Fogedimaunad L |
% )
X ) ) s

coansdactivities are tabulated 1n Table 4.1 to show or
T, reverence to smoil types and permeabilities 1n wunibs of

centineters per second.
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Table 4.1 Hydraulic Conductivity Yalues For Various Soll Types

. . . e . =7

Fine grained soil L0008 feet/day 710 cm/sec

— . ) . , -7

Fime grailned soil D.002 feet/day 7w10  om/sec
: - =y~ 7 - —7

silt 0.0% feet/day 7x10  cm/sec

v a ~ I " -7 s

sand,s1lt 0.2 feet/day 7410 cm/sec
. =7

clean sand 4 feet/day 1.4:410 cm/sec

The other input variables used were typically realistic values
to meet typical field conditions. Listed below are some of
this values, where for each computor run specific variables
were changed and the others held constant. The intent was to

see2 what effects that each variable change made on the model.

Li = 807, 4007 and 10007
h = 107, 20° and 40°

Hr = 207, S8° and 100°
Sp = 137, 25 and 2357

Dw = 17, 2" and 4°

8 = 0%, 5%, 10% and Z20%
Fv = L0002, 0.2, 4 and 1S
Eh = 0.2

o= 00,0002, 0.02, 4
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4.4 Model Sensitivity

The model was developed assuming a homogeneous i1sotropic media,

except for a few cases where anisotropic conditions were studied.

The nodes of the top three rows of elements were allowad to move

for i1teration of the free surface. In all runs, the maximum

number of iterations was six and on an average three to four were

found to be adeqguate. The model was made to iterate to an

accuracy of 0.001 feet during the free surface moves.

In calibration of free surface models careful attention must be

made to the moving nodes. Froblems exist when the elements become

less than zerco in area or when the elements actual may btecome so

distorted that they may become inverted. This was not the case

tor the mesh used in this study.

In studying the flow quantities and velocities for the basic

gecmetries and variable changes, all results seemed reasocnabile and

observed trends appeared physically possible. However large

variation of output was noticed by the change 1n distance from

constant head boundary to the first drain, Li. The first sat

results i presented based on the influence length, L1, being 10

&

ot

he

times the maximum head difference, 1.e. 10 x 407 = 4007, Depth of

aqul fer for this case was held constant at 100 feet. Use of 10

times the head differential is based on Bear’'s (197%)

recommendation.
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. Figure 4.2 depicts the moved free surface corner nodes for an
influence length of 400 feet. For comparison, Figure 4.2 shows the

™

:& moved free surface corner nodes for Li equal to 80 feet and a

thickness of aquifer, Hr, equal to S8 feet.
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Figure 4.4 and 4.5 are presenl d to show the dramatic influence

that the distance from the constant head boundary from the first

. .
aas,

drain, Li, has on total discharge and the maximum free surface

elevation, respectively. For further reference, the total

>

discharge, q , is the sum of the drain discharges and the maximum

@; free surface is the highest elevation of water above the drain

“ elevation. Lengths between 2007 and 4007 appear to result in less

§ change in flow quantity and free surface changes. This equates to

. the distance where the constant head boundary away from the drains
begins to cause the least effect on discharge and free surface

?: changes is approximately 15 to 20 times the head differential.

d This perhaps is good evidence that the actual field conditons for

< each particular application of groundwater mavement should

. carefully be looked at in terms of this distance.
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Figure 4.4
drain vs.

h = 207

Distance from the constant head boundary to the
total discharge of drains.

., Sp = 157, K = 0.2 ft/day
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4.5 Results

This section will present the computer results in the form of
dimensionless plots and other nomagraphs to show the effects
that each variable change has on the seepage problem. Two

sets of plots are given where the first set is for the constant
head boundary distance, Li, equals 400 feet and the depth of
rock, Hr, equals 100 feet. The second set of plots are
essentially the same as the ftirst except Li equals 80 feet and
the Hr equals 58 feet. For variable notation refer to Figure

RIS

Drain Discharge (Li = 400° and Hr = 1007)

Figure 4.6 shows the influence of drain width, Dw, for head
differentials, h, of 10, 20 and 40 feet on total discharge of
the drains. This shows that drain width is not particularly
critical for low head differences. It is reasonable to assume
that total discharge could approach a constant for drain widths
greater that four feet and head less than 20 feet. Al though
total discharge increases with drain width, this plot does not
show what drain width 1s the most effective or most efficient.

However, the influence of head can be easily observed
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Figure 4.6 Total

differentials.

L1 = 4007, Hr =

100", Sp = 25

Dw

drain discharge vs. drain width with head
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Figure 4.7 depicts the results of varying anisotropic socils
with varying heads. In this analysis, vertical hyvdraulic

conductivity varies while horizontal conductivity was held

e

e il

constant. Figure 4.7 shows that with increase in vertical

o

hydraulic conductivity discharge increases. This appears to

- satisfy theory , that with less resistance flow increases.
;\n
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o Figure 4.7 Total drain discharge vs. anisotropy with varving
- head differential.

i Li = 4007, Hr = 100", Sp = 15*, Dw = 27, kh = 0.2 +t/day
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Figures 4.8 through 4.12 are graphs which show the discharge
quantities for each of the five drains. Figure 4.8 depicts the
effects of depth of impervious layer, Hr, an the drain

discharge for each of the drains. This data shows that with
increased depth discharge increases. It 1s interesting to note
that practically no flow is recorded for drain $ when a shalloe

depth of impervious laver exists, i.8. Hr = 20 feet.

E 414 . .
23 ¢ &3
512
L
D o
a 5,01
<
I
(&)
0 & &5
()
O & 85
3 5 A ‘;
¥, g
q @z - R

!

‘DRAINS

Figure 4.8 Drain discharge vs. thickrness of aguifer.
L1 = 400*, h = 207, Sp = 257, Dw = 27, K = 0.2 ft/day
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Figure 4.9 shows the effects of head differential on the
discharge of each of the drains. It is interesting to see that
though the first drain is the most critical drain, i. e. a

large amount of the total flow is collected in this drain, the
remaining drains collect discharge decreasing linearly from

the left. This is possiblly due to the influence of the
constant head boundary distance, Li, being 400 feet away. This
shows that for the drains, flow quantity increases linearly with

increase in head.
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Figure 4.10 depicts the results of comparing the drain
discharge versus the spacing between drains. It is of
interest to see that drain number one for spacing equal to 25
teet, collects more seepage than the other discharges for the
other spacings. However, at drains 3 through S this changes
and the discharge for 15 feet spacing is greatest. This will

be analyzed later in the dimensional analysis.

DISCHARGE

q9d

= b ] 4 [

< 3

" DRAINS

Figure 4.10 Drain discharge vs. drain spacing.

Li = 30G", Hr = 1007, h = 207, Dw = 2, K = 0.2 ft/day
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Figure 4.11 shows the effects of anisotropy of the soil

matrix on drain discharge. It is of interest to see that

the discharge for kKv/kEh equal one is much greater than the

cther drain discharges for kv/Eh less than one.
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Drain discharge vs. anisotropy.
Hr = 1007, Sp = 15", Dw = 2, h = 20°
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Figure 4.12 depicts data generated for the condition of a
sloping impervious layer. The slope of the boundary is given
as a percentage of Ax/Ay. The depth of the layer is held
canstant at drain one and the layer slopes clockwise from the

positive x horizontal axis.

Though actual quantities of discharge are only changing in very
small ammounts, the trend is seen that for slopes greater than
3% the discharge increases in drains 3 through S. However at
some slope between 5% and 10% the discharge decreases. It is

also seen that the discharge of drain five is the least effected

by any slope change, in terms of discharge quantity.
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Figure 4.12 Drain discharge vs. slape of the impervious
laver.

Li = 4007, Hr = 100" (first drain), h = 207, 8p = 26", Dw = 27,
Fo= 0.2 ft/day
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Free Surface lLocation (Li = 4007 and Hr = 100%)

Figure 4.17 shows the influence of the drain width on the

maximum free surface height, 5pg In all cases this occured

max *
between drains one and two. This plot shows how the
relationship is linear and that the height of the free surface

is not greatly affected by the drain width.
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Figure 4.14 depicts the influence of drain spacing and head on
the maximum free surface height. These results show that
increased drain spacing causes an increase in the free
surface. Therefore one should consider the smaller spacing ar

possibly deeper drains.
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Figure 4.14 Maximum free surface height vs. spacing of drains
with varying head.
Li = 4007, Hr = 1007, Dw = 27, K = 0.2 ft/day
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Figure 4.15 shows the relationship of maximum free surface
height, Sm%mx’ as a fuction of head, h, and anisotropy, Kv/Kh.
The same trend is seen here as noticed with discharge for

anisotropy, that with increased vertical hydraulic

conductivity the height of the free surtace increases.
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Figure 4.15 Maximum free surface height vs. anisotropy with
varying head.
L1 = 400, Hr = 1060°, Sp

257, Dw = 27
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In Figures 4.16 through 4.20, the free surface corner nodes are
plotted for the different cases of analysis. To see the
effects of the free surface changes versus the variable changes
only nodes between the drains are plotted. In the sence of
design, the maximum height of the free surface would be of the
most concern, which i1s in between the first two drains.
However, it is of interest to see the total free surface from a

standpoint of total cross section of the building.

In Figure 4.16 the effect of thickness of agquifer on location
of the free surface is shown, It is of interest to see, as in

the case for discharge shown by Figure 4.8, that for shallow depths

K3

of impervious layer, Hr = 207, that very little rise in the

free surface occurs in between drains four and five.

Figure 4.17 shows the effects of head differential on the
location of the free surface nodes. It is of interest to see
for cases of head equal to 20 and 10 feet the free surface
nodes are approaching gentle mounds of water in between drains.
However for the head equal to 40 {feet the free surtace peaks
rather abruptly between the first two drains but resumes the

gentle fall in free surface between the other drains.

Figure 4.18 shows the effects of drain spacing on the location
of the free surface nodes. This shows as spacing is increased

the free surface i1ncreases.

81




i For Figure 4.19, the effects of the sloping aquifer on location

of the free surface nodes is shown. The same trend is seen

o,

here as in discharge, shown by Figure 4.12, that for slopes

greater than 10% the free surface location drops. The change _

e

in free surface nodes is very small for the cases of slope

W
=

equal to 9% and 10%.
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Dimensionsal Analysis (Li = 4007 and Hr = 1007)

Figures 4.21 through 4.24 are plots of the data generated by a
dimensional analysis as discussed in Chapter 3. The discharge
values given are unit discharge quantities and each case is for
the particular variables noted in each figure. Unit discharge
is defined as the sum of the total drain discharges for each

of the drains per unit width in the z axis or the third

dimension.

In Figure 4.21 the effect of drain width is analyzed. This
plot shows that with increased drain width discharge increases,
but with increased head the discharge may increase at a much
faster rate. From this analysis it would appear that the
greatest increases of flow rate would be for the drain widths
between one and two feet wide. The following analysis is

performed:

Drain Widths

head 1 2 3 4

10 0.07%4 Q.053 0.06% 0.07=
increase —— 0.019 0.012 0.009

20 Q.035 0.055 Q.070 Q.086
increase —e 0,02 0.015 0.016

40 Q. 026 0. 057 G Q75 Q.09
increase —e 0.021 0.018 0,015

88




Py EHE S5 S

e w5l

A |

‘:'-:‘

SR

oy IR
g o &

>

vl

This amalysis shows the increases of the flow function for the

different head increases as shown. The maximum increase is
seen for the values between drain widths of one and two.
Therfore the most effective increase in flow occurs for drain
widths between 1 and 2 feet. Another relationship could be
stated, that for Dw/h ratios less than 0.2 the flow guantity

increases at a rapid rate.

[N

Figure 4.21 Dimensional analysis, Drain width.
Li = 400", Hr = 1007, Sp = 257, K = 0.2 ft/day

89

,'s* ‘"-.."- A “.I( gL "\,.""-."' "-.Jp_r‘-;*.-,s_,,\._’x YR LS LR
L ' R N



|

- o

TP

R

0

g |

o S A

C egme
.Jl,'l-l

N LN R SRR RS AW . e
i A AR T R S AR A R

In Figure 4.22 the effects of thickness of aquifer 1s shown for
the dimensional analysis. This plot concludes that for Hr/h
ratios greater than 2 or 3 the net increase in flow is
approaching a linear relationship. This states that with
increasing thickness of the aquifer the dicharge is expected to
increase very near a linear increase and for very shallow

thicknesses the flow becomes very small.

Hr7h

Figure 4.22 Dimensional Analysis, Depths of impervious layer.
Li = 400, Sp = 25°, Dw = 2%, k = 0.2 ft/day
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The effects of drain spacing is presented in Figure 4.23. The
flow functiaon for this analysis 1s treated differently for the
spacing changes. As the spacing was increased far each of the
computer runs the flow domain increased accordingly to
accommodate the five drains at the appropriate spacing.
Therfore to gain understanding of the effects of flow
relationships with respect to drain spacing, each term was
normalized by the corresponding spacing between the drains for
each head increase. This analysis shows for decreased spacing

discharge increases and as head increases so the discharge.
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o+ Figure 4.24 shows the dimensional analysis for effects of the
o d sloping aquifer. For this particular flow matrix as model ed,
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Results For Li = B0O® and Hr = 58°

i T B

bt

The following plots and nomographs are the results for the

computor runs where distance from the constant head boundary to

= |

the first drain, Li, equals 80 feet and the thickness of the

aqui fer equals 58 feet. The plots are essentially the same as

33
x

for the previous case except these variables are teld

LA |

constant.

L3
[ 4

| ZAA
[E o~ S

Drain Discharge ( Li = 80" and Hr = 587 )

e Salan
s s

.

Figure 4.25 shows the effects of drain width on total drain e

L

discharge. The results are generally the same as shown in

Figure 4.6 except discharge guantities range from T to 4 times
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Figure 4.25 Total drain discharge vs. drain width with varying
head.
Li = 80°, Hr = 58", Gp = 257, ¥ = 0.2 ft/day
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The results of anisotropy of the scoil continum is shown by
Figure 4.26 for the short Li distance of 80 feet. The trend is
slightly different than for the case for Li equal 400 feet as
shown by Figure 4.7. For the largest head value of 40 feet the
discharge decreases just slightly with decrease in vertical
hydraulic conductivity, but for a Kv/Kh ratio less than 0.1 the
discharge decrease is very dramatic. However for the low head
value of 10 feet the general decreasing trend is prevelant as

the case for Figure 4.7.

For this case the flow guantities have increased approximately

4 to 5 times. This shows the large effects that the distance

of the constant head boundary has on the seepage quantitiss.
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Figures 4.27 and 4.28 depict the same general trend of maximum
flow at drain one and a general decrease in flow for each
consectutive drain 1s noticed for effects of thickness of

aquitier and head respectively. Flow guantities are again to

4 times greater for this case than for the earlier case as
shown by Figures 4.8 and 4.9. For this case of shorter
distance to the constant head boundary equal 80O feet, the
mid—-peak discharges at the third drain is not noticed as 1n
Figure 4.9. In Figure 4.28 1t is of interest to see that the
largest head value equal 40 fest has such a large effect on thea
first drain collecting a large portion of the total discharge

of the system.

98

“ . e

v fa et .
@ R s SHY SRS AN W GV SR 01



e
i -

v R RRAR

- T

8.5

A
"
b !
. :
\
8.4 ]
N
r
E "
- _ ,
W H HP,—
o O g.3- 28 "
b a t
- < Hr = :
Y I cg'’ :
"h O .a
[ 7y
0 O B- 2- ;: :
hY 164 3
R :
o »
i o )
8.1 ,‘
.I
"Jw )
> !
!
! 6
'
1 2 3 4 S :
" DRAINS ’
- Figure 4.27 Drain discharge vs. depth of aquifer.
N Li = 807, h = 20°, Sp = 25", ¥k = 0.2 ft/day, Dw = 2° ;
‘} ! p
i ;
4 .
A N
Y
p i
¥ 3
99
! "

% e PN

N (] 1% 5 1% ¥
'«"v,i.o.l \.i,l.!. .:‘ 1 .'v!‘ v % ‘o. ‘i_. '!, l."



B Head X
18’

@ Head
2p’

Head
48°

-

-~
X
v -

qd DISCHARGE

P S5, Ay

e
B

-

v DRAINS

Figure 4.28 Drain discharge vs. head differential.
Li = BO®, Hr = 58°, Sp = 25°, Dw = 27, kK = 0.2 ft/day b

s8] ‘-.‘
iy

1 N *;

19 ‘\-;
o ke

f.: o
“ 100 '1:

« P R R R T T TRt D T .- -
Cgieg e % ERERA Y P T NN L e e
‘,),r..., < - Y -.. . - . ,-)}' _‘,'_( [‘_\, _..F_.-;v«‘\!'

\ -y

S

A VWG e
IRTATIIRF NS AFY
A,A....A,-,



m P P P T P O P T W W W O W W W o W o S T W Ty vy ey Ty

()

L &

m: < By 59

e

Ll
L%

== AR

A |

psNr N

LA

e IR AT T R N L T ALt AT e R AT ) A T Al e N R T e
N R RIIGRAMAT v AR RIu Ny Ry N N e S b e TN S Y
) 4 N ¥, 9 hE LU pAT e, N ! 'y

The effects of drain spacing for distance of the constant head
boundary to the first drain, Li, equal 80 feet, is shown by
Figure 4.29. The same trends are seen for this case as that
shown by Figure 4.10. Flow increase is somewhat less in this
case compared to the earlier case of Li equal 400 feet. Flow

quantities appear to range from 2 to T times as great.
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B sPacING
15’
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35°

1 2

3 4 5
DRAINS

Figure 4.29 Drain discharge vs. drain spacing.
Lbki = 80", Hr = 387, h = 207, Dw = 27, K = 0.2 ft/day
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In Figure 4,30 the effects of slope of the impervious boundary,

S . is shown for drain discharge. A significant change is '

B B X2

noticed for this plot when compared to the earlier plot in

Figure 4.12 for sloping aquifer. For Li equal to 400 feet, the

|
- |

[

peak discharge occured for a slope between 5 and 10 percent.

In this case, where Li equals B0 feet, the peak flow 1s for the

".;-;u
Lo R A N

case of the steepest slope equal to 20 percent. For drain one,

the flow is 8 times greater than the flow for drain one as \

53R

shown by Figure 4,12, Li = 400 feet. The flow is S times

e SR A

KX

greater in drain five in this case than the flow in drain five

for the case of Li = 400 feet.
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Free Surface Location ( Li = 80" and Hr = S58° )

Figures 4.31 through 4.3%6é6 show the results of the free surface
location plots for the case of Li equal 80 feet and Hr equal S8
feet. The same general trends are shown for this plots as
shown by the earlier case of Li equal 400 feet and Hr equal 100
feet. In general, the free surface has moved up approximately
three times in height. An exception to the earlier case of 1is
shown in Figure 4.36. This figure shows the location of the
free surface nodes with the effects of slaope of the impervious
boundary. It is somewhat different in this case than in the
earlier case as shown in Figure 4.19 for Li equal 400 feet. In
this case the free surface continues to increase in height as

the slope of the impervious boundary increases.
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Figure 4.31
Li =

Maximum free surfcoce height vs.

80, Hr = S8°, Sp = 25°, K = 0.2 ft/day
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Dimensional Analysis ( Li = 807 and Hr = 587

The eftects of drain width as shown by the dimensional analysis
1s shown by Figure 4.37. The general trend of the discharge
increasing with drain width 1s seen in the data. When compared
to the earlier case for Li equal to 400 feet, it is seen that
total discharge is greatly effected, by a factor of three

times., 5. g oo e : e

s

DW/h

Figure 4.727 Dimensional Analysis, drain width.
L1 = B0, Hr = 58", Sp = 2587, k = 0.2 ft/day
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Figure 4.728 shows the dimensional analysis results for
thichness of the aguifer. In this case, Li equal BO feet, the
relationship is more linear tham 1n the case of Li equal 400
feet as shown in Figure 4.22. This results in the conclusi1on
that the effects of Hr has a pronounce influence on the f1low
quantities when coupled with the distance lLLi. For a shorter
distance of Li, the effects of depths of Hr is more cricticeal
and more of a linear relationship. However when the distarce
from the constant head boundary is larger, as in the earlier

case, the effects of Hr are not as effective when Hr is very

small.
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Dimensional Analysis, depth of aquifer.
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Figure 4.39 shows the results of the dimensional analysig for
‘ drain spacing. Again the ordinate 1s normalized with respect
to the area subtended by each flow continum for each case of
Ay spacing. Flow quantity would equate to an increase of

! approximately S to 6 times from this case of Li equal 80 feet
.

versus Li equal 400 as shown in Figure 4,23,

s
Y]

I’A
o]
—

Figure 4.39 Dimensional Analysis, drain spacing.
*ﬁ Li = BO’, Hr = 58°, Dw = 27, K = 0.2 ft/day
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4.6 Summary

This chapter has included the results of many computer runs for
the analysis of a building underdrain system. The importance

of model sensitivity must be stressed, in that key variables may
effect the results very significantly. In this model, it was
found that the most crictical variables affecting the total
discharges of the drains and location of the free surface was
the distance from the constant head boundary to the drain

system, Li, and thickness of the aguifer, Hr.

The results obtained appear to be reasonable and within limits
of possible field occcurances. However, using these results for
quantifying flows and the free surface locations requires a
very careful study and background investigation of all
geometric configurations and soil conditions. It is intended
that this study has presented the results in a manner that one
can observe the effects of the variables studied aon such a

underdrain system.

In summary, the following observations are discussed for the

variables used in this analysis.

Constant Head BRoundary Distance. Li

As distance from the constant head boundary to the system
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increases the flow quantities increase for the drain system.
In terms of a correlation with hydraulic head differential
above the drain, as used by other authors. this model study
shows that for a distance of approximately 15 times the head.
discharge appears to decrease. In terms of gradient, this
equates to a 1 over 15 ratio or 0.067 gradient. A slightly
higher distance was ochserved in the analysis of this influence

to location of the free surface.

Depth of Aquifer, Hr

The results show that with increased aquifer thickness the
drain discharge increases, ilncreasing very near to a linear
relationship. It was also observed that +for the very shallow
thicknesses, the last drains collected very little flow. The
height of the free surface is affected in the same fashion.
With increased thickness of aquifer the height of the free

surface increases between drains.

Drain Spacing, Sp

Drain spacing effects on discharge was greatly affected by the
distance of the system from the constant head boundary. A
substantial i1ncrease of S to & times the discharge was observed
for the two distances used in the results presented. It was
observed that as head increases, discharge increases for all

drain spacings: and as drain spacing i1ncreases, discharge
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decreases. It was also observed that from the dimensional

. analysis, the most efficient drain spacing is for a spacing

. over head ratio of less than 2. The location of the free surface
r

S

- was oObserved to increase between drains as drain spacing 1is

n increased.

l'_-

oy Drain Width, Dw

A

e
-

.
.
Y5

With increased drain width the discharge increases for all
other variables constant. However, there must be a trade off
for efficiency of the complete system. It appears that a drain
oy width between 1 to 2 feet is the most effective width. This 1is
. also a plus from a standpoint that lateral seepage can be

I easily drained into thinner trenches or deeper constructed

drains.

L .f;-‘ 3

Slope of Impervious Houndary, S)

ﬁ For the distance of the constant head boundary to the drain

- system equal to 80 feet, the drain discharge was observed to

-~

~ increase with increased slope. However, for the distance, Li

i equal to 400 feet, the maximum discharge occurs at a slope
between S to 10 percent. This occurance 1s not fully

;S understood and perhaps should be further studied to develope

some reasoning. This requires that careful consideration of

"

specific boundary geometries be used in model studies for seepage

analysis.
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:J In this day and age. more and more sites are chosen for

. buildings and engineered structures that are less desirable to
~

3 work with from a standpoint of site conditions, poor soils and
o water problems. A less desirable site may easily be where the

groundwater table is very near to the surface. Therfore the

building’ s design must incorporate some thought into how the

groundwater will be handled and what effects it may have on the

N

structure.

)

Engineers faced with the analysis of seepage for buildings to

be built below the groundwater table must consider such

n conditions of uplift pressures, critical velocities, seepage
? control of the water itself or particle migration. Hopefully
q the design will enhance stability of the structure and prolong
: the usefulness and life of the structure.
‘;

In performing the literature review on this topic, 1t was found
;Z that many authars and researchers are more and more relying on
. and developing computor models to perform the analysis of
ﬁ comple: seepage problems. With the use of general seepage
:3 theory and mathematical representation of the seepage theories,
o 119
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the computer programs can quickly and efficiently aid the
endgineer in studying the flow conditions. As in this study,
the analysis of one particular seepage problem using a finite
element program made it possible to study many key variables

and develope many relationships.

For this study, underdrain systems for buildings built below
the groundwater table were researched. By using a finite

element program, -nd by developing a mesh for this particular

flow matrix. many varliables of the analysis were studied. NS
was found that the model could easily be used to e+r1 .ertl.
and accurately study these vari1aties. Y MNa o r P
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AFFENDIX A-1

USER’S MANUAL FOR

ARAL SEEFAGE FROGRAM

I. INTRODUCTION:

This seepage program is a finite element model for solving
unconfined or confined two dimensional or axisymetric seepage
problems. For unconfined flow analysis the model iterates by

moving the free surface nodes to the phreatic level.

In 3eneral, the program allows for the porous soil mass to be
divided into discrete elements and nodes using either a vertical
plane model (two-dimensional,»x—-y) or axisymmetric grid structure.
Then applying known boundary conditions, the program
simultaneously soclves for each element, the continuity equation

which satisfies Darcy’ s Law.

Figure 1 shows a very simple case of a two dimensional uncontined
steady state condition which can serve as an example. In this
example the free surface location is unknown and the user must
begin the process by initiallizing the input by approximating the
location. Then the program will iterate to the free surface level

until the free surface converges to satisfy the equations of

flow.
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Figure 1 Example Grid for Unconfined Flow Continum.
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11. FPROGRAM EXECUTION AND ANALYSIS:

The user has the option of performing a two dimensional problem or t
an axisymmetric problem. The two dimensional case simply show b

figure 1 will serve a&s an example to explain the parameters. An

Lo X B

axisymetric application might be a well source problem looking at
stratified soils having varying permeabilities at different q

elevations through the porous media.
III. FEOUNDARY CONDITIONS OF FLOW: - .

The potential, ¢, of flow must be defined as some directional K

function

¢ = f(x,y,z,t)

A Dirichlet boundary condition is where the piezometric head, h is !

constant, or v

h = f%x,y,z,t)

is solved for at a particular point. This boundary condition
occurs whenever the flow domain is adjacent to an open body of e
fluid. Since the piezometric head is constant at the open body of

water, the piezometric head of the porous media at the interface
A-3
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will be constant. This boundary condition denotes a non- cero

flux or flow is to be considered possible.

Another boundary condition for flow potential is the Neuman
boundaries. This is the case where flow cannot move through the
porous media at a specific point defined, i.e. an impervious layer

of stratum.

IV. FINITE ELEMENT GRID NOTATION:

The porous soil mass to be analysed must be divided into a

grid of elements and nodes. The program uses any shape second-order

isoparametric element, shown by figure 2 as a quadralateral

element containing four caorner nodes and four midpoint nodes.

CORNER NODES

MID-NODES

Figure 2 Element and Node Notation.
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The nodes must be numbered from some beginning corner, preferably
the number one node should be at the bottom left corner of the
mesh. Then node numbering increases to the end of each column,
beginning at the bottom of each column throughout the mesh. One
can see the numbering scheme by the examples presented. Elements

are numbered the same as the nodes.

The program automatically generates nodes at equal spacing between
corner nodes which are defined by the user. This feature

requires that careful attention be made to the node numbering scheme
once corner nodes have been established. This feature is good for

creating finer mesh grids in particular areas of interest.

EBase elements are used to create stationary reference elements
typically at the bottom of the mesh or away from the free surface
elements. These elements are also used to define changes in

hydraulic conductivity in the % and y directions(kKx and ky).

The free surface or phreatic surface of a media is defined by the
user as a first approximation of 1t°s actual location. In the case
of a cutoff wall, shown in Figure 2, there is no free surface and
the seepage model solves for the flow characteristics of each
element and node. However, in the case of a dam as shown in

Figure Z, the free surface is unknown and the program will solve

for the phreatic surface where the fluid pressure is at

A-6
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atmospheric pressure. In confined aquifers the water pressures

would possible be higher than atmospheric pressure.

.- Seepage faces are defined by the user to denote a boundary or
where seepaqe is to be allowed. Here flow is qunatified and the

model solves for the velocity and discharge at this face.

v
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CUTOFF WALL DAM CROSS-SECTION
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Figure = Example of confined flow and unconfined flow.
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' Fermeability of the porous media often depends on the direction
of flow. For the condition of soil matrix being anisotropic the

i; velocities and gradients are generally not parallel. For this

o

condition the velocities can be written in the Darcy Law form:

= iy OB
\‘ Vi = kst e
@ dx
~ oh
3 Vy = -Kyy ___
By oy
% dh
4 Vz = -Kzz ___
oz
I;';
g Normally the hydraulic conductivity of teh media is similar in the
i vy direction. Therfore treatment of this normal condition reqguires
use of only two direcetions. For this simplification, the program
i- uses the notation of the two dimensional case. Figure 4 shows the

notation that should be used for describing the hydraulic

e conductivity conditions.
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Figure 4 Hydraulic Conductivity Notation.
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V. INFUT VARIABLES AND DATA INFUT

ﬁ Input can be given in unformated notation where each data input 1is
. seperated by a comma or space. Careful attention, however, must

b be made to use the apppropriate number input data per line as

$3 described by this guide.

g Title and Type Froblem Card.

- TITLE The title can be up to 72 characters.

4 DIMEN Flow problem e problem is a two dimensional analysis

input 2 and for an axisymetric problem input 1.

=~

- Flane Flow Froblem 2

$\ Axisymetric Problem 1

Y

& FERR Having performed a sensitivity of the model or decided

-~ on an error critiria, input the ervror required.

Control cards
i NNFC Total number of corner nodal points.

These nodes are used to define corners of elements
. which are defined by input coordinates. Nodes that
- are not listed will be generated between two corner
naodes for each vertical column or row deliniation.

- NELEMC Total number of base elements.

T Rase elements are typically at the bottom of a series
of elements that change the hydraulic conductivity of

¥ the elements above these base elements. These elements

o are established as reference elements for the program
to describe permeability of each element.

g NFEOC Total number of Neuman Boundary Faces.

A Neuman face is defined as a line of nodes that may
_ create a barrior or impervious wall for the flow. If
o two corner nodes define a line of several nodes that
b makes an impervious barrier, this 1s one Neuman
Boundary face.

‘: NFFS Total number of corner nodes on the free surtface.

The user must specify particular corner nodes which
reflect the first approximation of the unknown free
surface. The program uses these nodes and the midpoint
nodes to converge to the free surface.
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. I1ITGIV Number of 1terations desired.
' This 1s a safety teature f0r possible 1000t e€rr 0 5 o
computor time limitation.
oy NFEDC Total number ot Dirichlet Boundary faces.
Q‘ Flow 15 allowed at these taces. Do not court the n1d
point nodes as part ot the face.
g NSFFAC Total number of seepage faces with Dirichlet
i boundaries. For each face defined by two corner ndcdes
) for the NFEDC input variable a NSFFAC value should be
g given. As 1n
NFEDC = 2 NSFFAC = |
by -
- NFEDC = 3 NSFFAC = 2
- ITIME Time variable. Input 0 = time independent.
E; This i1s used for transient computation and 1s not
used in steady state computations.
:4 Corner Node bLocation Cards
i Corner node number (n)
x(n) ® coordinate of node(n)
o y(n) y coordinate of node{n)

Note: There should be NNFC number of these cards. Use
appropriate dimensions, i.e. feet, meters which will be carried
throughout the remaining input variables.

Enter a "1" or "0O" where

1 - additional nodes are to be generated after this
node.
O - no nodes will be generated after this node.
A-10
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Base Reference Elements Identification Cards

NOD For each base element (N), give a counter-clockwise
numbering for each node 1n the element.

3 13 20
b2 19
| 12 18
NMIS Total number of elements above the base element before

the next base element.

XE (N) Hydraulic conductivity of the elements defined by the
base element in the x direction.

YE (N) Hydraulic conductivity in the y direction.

ALF(N) Angle of possible stratification or plane of soil
matrix with the horizontal.

y

'S
VTS

ALP

Note: There should be NELEMC number of these cards provided.

Neuman Boundary Condition Cards

NSTART The beginning or lowest corner node number of each
Neuman BRoundary defined.

BVAL The Neuman Boundary value that defines the known
potential height or water level measured from the
datum reference line of the coordinate system.

NESAME Total number of boundary faces having same Neuman

boundary condition. Each face is a line made by two
corner nodes of the same Neuman boundary.

A-11




The number of nodal number increases or numerical
difference to the next corner node from node NSTART.
Do not count mid-nodes only corner nodes.

Note: There should be NFROC cards provided for this set.

Dirichlet Boundary Condition Cards

NSTAR The beginning or laowest corner node number which
defines each Dirichlet boundary.

DEVAL The Dirichlet boundary value that defines the potential
or water level height measured from the data reference
elevation of the coordinate system.

NDSAME Total number of boundary faces of this Dirichlet
boundary condition. Each face is counted between
corner nodes defining the boundary or number of
elements.

NDINC The number of nodal number increases or numerical
difference to the next cornmer node from node NSTAR.

NMID The number of nodal number increases from the NSTAR to
the next mid-node.

Note: There should be NFEDC cards provided for this set.

Free Surface Nodal Cards (Maximum 16 pairs per card)

NFFSA Free surface corner node number.

NFBOT Node number of the bottom of the movable section of
the grid that defines the limits of moving nodes for
NFFSA.

Note: There should be NFFS pairs of node numbers given for &a
maximum of 16 pairs per card. Use as many cards as required. The
bottom node (NFEBOT) defines the bottom of a seepage face
corresponding to the grid geometry and corner node defining the
free surface. The program uses this band of nodes and elements to
converge on the free surface.

......



..
4

A

il
X

Mid-point Free Surface Nodal Cards.

NFFSHM The mid-point nodal numbers between corner nodes
defining the free surface (NFFS - 1).

Seepage Face Cards
NSFC EBeginning node number of the defined seepage face.

NSSAME  Number of seepage faces defined by elements for this
seepage face NSFC.

NSINC Node numbering increase between nodes defined by
NSSAME.

Note: There should be NSFFAC cards provided for this set.

Statement and End Card

End of Froblem Statement should be less than 72 characters and
end with a period.

NDIMEN Input a "3" to end the problem.

ERR Specify any error as for FERR.

A-13
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Title and Type Froblem Card

TITLE

DIMEN
FERR

Control
NMFC -
NELEMC-

NFEOC
NPFS

ITGIV
NFEDC

I

NSFFAC

ITIME

SILTY SAND DAM
2 (two dimensional)
0.01 {error criterion is 0.01)

Cards

12 (corner nodes are 18, 952 335, 45, 52, 62. 69, 79. 86 and
96)

S ( five base elements - shaded)

D ( no Neuman Boundaries)

6 ( 6 nodal points on the free surface - 11, 28, 45, 562,

79 and 96)

SO0 ( maximum number of iterations)

2 (There are two faces with Dirichlet boundary conditions,
the left side and the right side of the mesh which
forms the dam)

1 (There is one seepage face - on the right side where
flow is to be considered.)

0O (Time independent for steady state conditions)
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Corner Node Location Cards

1,0,0,1

Where, the first node is number 1 having an x coordinate of ¢ and
a vy coordinate of 0. Generation of additional nodes will follow.

11,0,110,0

Where, node 11 is at the end of the first column at
coordinates © and 110 and no generation is required for other
nodes in this column.

18,200,0,1
28,~uu‘99,0
15,400,0,1
45,400,88,0
S2,600,0, 1
6L, 600, 77.0
9, 800, 0,1
79,800,66,0
856,1000,0,1
26, lOOO.uu.)

Base Reference Elements Identification Cards
1.12,18,192,20,13,3,2,4,0.002,0.002,0
Counter clockwise numbering of nodes for each element and the
permeability, 0,002 ft/day for this base element and 4 elements
above the base element.
18,2 35, T6,37,30,20,19,4,0.002,0.002,0

«46,52,5%,54,47,37 .36, 4, O 002,0.002,0
qh.bh.69 70,71,64,54,53,4,0.002,0.002,0
469,80,86,87,88,81,71,70,4,0,.002,0.002,0

Neuman Boundary Condition Cards

None specified, so no cards will be provided

A-15
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(]
" Dirichlet Boundary Condition Cards
1,110,5,2,1
- 86,55,5,2,.,1
: The first node of the first Dirichlet Boundary is node 1 and the
DEVAL value is 110 feet. There are 5 elements on this face that
! makes this Dirichlet boundary condition, NDSAME = 5. NDINC equals
- 2 for the nodal number increase for the consecutive elements,
in > -1,%5%-2, 7 -5, etc. NMID equals 1 for the node numbering
. increase between successive nodes.
i Free Surface Nodal Cards
-
= 11,1,28,18,45,35,62,82,79,69,96,86
. Here the total mesh is allowed to move, where the user may fix the
- bottom nodes at any level in the mesh.
as
Mid-point Free Surface Nodal Cards
17,Z74,591,68,85
- Seepage Face Cards
. Bb,2.2
o The seepage is prescribed to start at node 86, NSFC = 86,
. there are 2 elements for this seepage face. NSINC is equal to 2
as there is a two nodal increase between element corner nodes,
. is 88 - 846 and 90 - 88.
"l
Statement and End Card
T END OF SILTY SAND DAM.
: S .001
-
<
o
&




4
ﬁ SILTY SAND DAM . N
2,0.01 N
Bg 12,5,0,6,50,2,1,0 /
1,0,0,1 4
11,0,110,0
- 18,200,0,1 .
28,200,99,0 :
35,400,0,1 .
45,400,88,0 3
gﬁ 52,6%,0,1 Y,
~  62,600,77,0
69,800,0,1 {
g 79,800,66,0 .
86,1000,0,1 N
96,1000,55,0 .
w1,12,18,19,20,13,3,2,4,0.002,0.002,0 v
&j 18,29,35,36,37,30,20,19,4,0.002,0.002,0 .
35,46,52,53,54,47,37,36,4,0.002,0.002,0 :
52,63,69,70,71,64,54,53,4,0.002,0.002,0
F 69,80,86,87,88,81,71,70,4,0.002,0.002,0
*  1,110,5,2,1 "
86,55,5,2,1 ¥
11,1,28,18,45,35,62,52,79,69,96,86 v
E 17,34,51,68,85 ¥
86,2,2 ,
- END OF SILTY SAND DAM. N
Eﬁ 3,0.01 X
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NNPC + 12

SILYY SAND OAM

NELEMC

FERR

1 ] NPROC

GENERATED NODAL POINT DATA AND

Xs 0.
Xe 0.
A °
| X o
Xe °
xe °
| 34 100
Xe 200.
Xe 200 .
xs 200.
Xe 200.
L ] 00
Xe 400
Xs 400
ns 400
xs 400.
Xe 400.
L L] 400 .
X 800 .
Xs so0
X2 800 .
Xs 800 .
Ns soo
Xx 800 .
Xs 800
X s00
X 800 .
xs soo
Xy 800 .
Xs 800 .
3 1000
Xs 1000 .
Xe 1000.
R 1000 .
L 1000 .
ns 1000

NUMBER OF NODAL POLINTS. ..

NUMBER OF RLEMENTS. .

RLE. MO

DIRICHLET

Y RTY YV
)

8- 87
as- [}
”0-
2-
[ LR
8-

OB INRBUN -

NODAL POINTS

. 01000

o L1452 B [ ]

(X)-{Y) COORDINATES

0000 Ys ©.0000
0000 Y 22.0000
. 0000 Y 44 .0000
. 0000 Y 68.0000
. 0000 A 88 .0000
. 0000 A\
. 0000 Y
0000 Y
0000 Ys
0000 vs
0000 Y
. 0000 Y
. 0000 Y
. 0000 Ye
. 0000 Y
0000 Ys
0000 Y
0000 Ys
000 AR
0000 Ye
o000 Y
0000 Ya
. 0000 Y
@000 Ya
0000 Y
.0000 Y
0000 Ys
. 0000 ¥s
[.11-1- vse
0000 Y
0000 Y
0000 vs
0000 Y
0000 Ye
0000 ve
. 0000 Y
”
28

SOUNDARY CONDITION DATA

AESPRCTYIVE DIRICHLET GOUNDARY CONDITIONS

t10.
110

110,
110
110
110

o000
0000
0000

. 0000

0000
0000
0000
0000
oo0oo
0000
0000
0000

ITGIY

110,
110
110
110,
110,
t1e

0000
0000
o000
0000
111

NODAL POINTS ON FREE SURFACE

t " 28

EPAGE FACE %N0AL POINT DAYA

48 L 3 82 (1] 70 as L1}

CONBEOUTIVE NODE NUMBERS ON THE SERPAGE FPACE

L 1 L 14 1.1

.20000K-02
.200008-02
.200008-02
.200008-02
.200002-02
.20000K-02
.20000E-02
.200008-02
.2000082-02
.1200008-02
.200008-02
.200008-02
.20000R-02
.200000-02
.200008R-02
.2000082-012
.200002-02
.200008£-02
.200008-02
.200000-02
.30000R-02
.200008-02
.2000082-02
.200008-02
.200008-02

NSPFAC

.200008-02
.2000082-02
. 30000R-02
.20000R-02
.200008-02
.200008-02
.30000K-02
.200008-02
. 200008-02
.200008-02
.20000E-02
-20000R-02
.200008-02
.200008-02
. 2000002-02

200008-02

.200008-02
.300000k-02
.20000R-02
. 200008 -02
.200008-02
.200008-02
.200008-02
.200008-02
.20000R-02

o.
0.
o.
0.
0.
o.
o.
o.
o.
0.
o.
0.
0.
o.
o.
o.
o.
o,
0.
o.
Q.
°.
0.
0.
o.
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NEW COORDINATES OF TNE FREE SURFACE
HO00E: T8 X s $00.0000 A (] ]
NODE: 82 X o 800 . 0000 Y s [ R
NODE: 4S x s 400 .0000 Y e 2.
NODE: 28 X s 200 0000 Y s 101
NODEs 11 X s ©.0000 A 110

CONVERGENCE CHECK ERROR 1

nNoDE X COORDINATE Y COORDINATE
1 0.0000 o.cc00
2 ©0.0000 11.0000
3 6.0000 22.0000
4 0. 0000 33.0000
s ©.0000 44 .0000
3 o 0000 $8.0000
7 ©.0000 88 .0000
[ ©0.0000 77 0000
[ ©.0000 88 . 0000
10 o o000 38 0000
11 ©.0000 110.0000
12 100 . 0000 ©. 0000
13 100.0000 21.1718
T4 100 . 0000 42.3430
s 100.0000 €31.8148

100.0000

100. 0000

200.0000

200.0000

200 .90000

200.0000

200. 0000

200 00600

200 .0000

200 _0000

200.0000

200.0000

200.0000

300 0000

300 .0000

J00. 0000

300.0000

300.0000

300.0000

400.0000

400.0000

400 0000

400.0000

400 0000

400. 0000

400.0000

400.0000

400 .0000

400.0000

400 .0000

$00.0000

$00 0000

800 0000

$00 . 0000

800 0000

800 0000

800 0000

800 .0000
s 800 0000 16 .38834
ss 800.0000 24 8130
ss 800 0000 32.7107
37 8§00 0000 40.8884
ss 800 0000 49 0681
ss s00 ooo0o 57.2438
so s00 0000 56 . 4214
[ 3] 800.0000 73.508
52 800 0000 8t.7788
3 700.0000 0.0000
s 700.0000 16.1314
¢S 700.0000 30,282
(X3 700 o000 4s. 3042
(] 700 0000 60 5238
(X} 700.0000 75 .8870
[} s00 o000 ©0.0000
70 800 0000 6. 9817
7 800 0000 13.8074
12 200 0000 20 8811
712 800 0000 27 8149
74 s00 o000 Ja 7888
1 800 o000 1.7223,
Te 800 000CO s$780
T 800 0000 az2s?
s 800 0000 §2.85614
79 800 0000 0. 85371
80 #00 0000 - a-1-1-1-3
81 200 0000 12 485317
82 900 0000 24 9074
a3 900 0000 L3811
s 900 0000 s149
88 900 0000 2686
a8 1000 0000 0.0000
87 1000 COQO 5.8000
L X} 1000 0000 11.0000
(1] 1000 0000 16.3000
90 1000 0000 22 ©000
9 1000 0000 27 8000
2 1000 0000 33 0000
L B ] 1000 0000 38 %000
L X 1000 0000 44 0000
" 1000 0000 49 soo00
s 1000 0000 5% o000

SEEPACE FACE COMPUTATION RESULTS

“e ae NE ¢ [ ¥ AvVE. VEL =

TOTAL DISCHMARGE . 171778€ -
LT Y a8 NE ¢ 0 ave VEL
TOTAL DISCHARGE . Iss0at

ENC OF SILTY SAND Oam

oImMEN 3 FERR

LINE

s3I
7788
3734
Tist
0000

L1T10E-02

V-POTENTIAL X-VELOCITY

110.0000 +.8318€-08
110.0000 -.831SE-04
t10. 0000 -
110.0000 ..
110.0000 ..
110 0000 ..
110.0000 ..
110.0000 -
110.0000 ..
110.0000 ..
110.0000 -
7708 -
L7743 -
7848 ..
. 8024 ..
4281 ..
L8838 ..
. 4008 ..
4014 ..
4043 ..
. 4092 -
L4182 ..
.8248 ..
4356 -

- .8384E-04
- .93SO0E-04
+.9343E8-04
-.93328-04
©.9318E-04
+.8801E-04

-.8801E-08
-.9800€-04
-.8798E-08
-.9798E-04
-.9782E-04
-.9788E-04
-.9783€-04
-.87788-08
-.8772E-04
-.9788E-04
-.1083€-03
-.1043E-03
-.1043€-03
-.10428-03
- . 1040E-03
-.1039€-03
-.1108E-03
-.1108E-03
s1.8188 -.1108E-03
. 8234 - .1108E-01
. 8328 .. 1108e8-03
L8441 -.11088-03
1y -.11042-0)
. 8781 -.11032-03
ssas -.1102E8-01
L7180 -.1101E2-03
.70} -.t1008-03
.8434 -.1202E-03
.sa8e -.1202€-03
.8888 -.1201E8-03
L8932 -.1200€-03
L9322 - 1188E-03
9827 -.1197€-01
8822 -.1301€-03
938 -.1301€-0)
seso -.1300€-01
.s0ay -.1299€-01
s18t - 1298E-01
L8278 -.1298E-01
RTEN - . 1294E-03
.s808 -.1292€-03
.e810 -.1288E-03
7030 -.1288€-03
7274 -.1282E-03
sass -.14888-03
L8928 -.1480E-01
7129 - . 1460E-01
7478 - 1482E-01
7972 .. t148eE-03
L8638 - 1486E-03
58 0000 -, 1818E-03
$8.0000 -.1818€-03
ss 0000 - 18112-0)
58 0000 -.1820€-01
$8.0000 -.1823€-01
$5.0000 <. 1829€-01
$8 0000 -.1834E-01
$8 0000 -
$% . 0000 -
$8.0000 -
$s. 0000 -
1808-03  ©0S 1 L 110008402
02
18202€-03 DS 110008402
-02
01000

Y-YELOCITY

.112SE-08
S18S87E-18
.8281E-07

.17S8E-08

.2920E-08

.4488E-08
L 10S8E- 18
.7677E-08
.21392-07
.8STAE-O8
.1131E-08
.1739E-08
.2403E-08
.32238-08
.1188E-07
-3873E-08
.81872-08
.1187€-08
.1630E-05
.1909£-0%
.2431E-08
.28622E-05
.3208E-0S

328Sg-0S

.3984E-03
.8788E-O8
.8T3ISE-O8
.17482-0%
.2811E-08
.3488¢E-08
.4331E-08
.40317E-08
.4921E-08
-8738E-08
L147SE-O8
.1987€-08
.2484£-08
.2933£-08
.3a23g-08

Jsose-08

.438%E-08%
.4874E-08
S2148E-08
.1113E-08
.2223€-08
.3328€-08
.44208-08%
.5S08E-08
.8SSAE-0O8
.8378E-08

,1270E-08
.1910E-08
.2839E-08
LITTIE-O8
.3802E-08
.AA0BE-O8
.80S3E-08
.5580E-08
.828SE-08
.3217E-09%
.14812-08
.29V8E-0O8
.43832-0%
.$T82E-08
.7233E-08%
.1818€-07
.8277E-08
.1840€E-08
.2481E-08

3$7'E-08

.4024E-08
.S431E2-08
.S4S8E-0O3
.7083E-08
.8870€-08%

8870E-08%
t1108€-08

L1723E£-08
.347sE-08
.8290€-08
.T198E-08
.84372-08

1787€-08

.10888-18
.%3021E£-08

1088€-18
1034¢€ -08

T1s27E-08
‘2319€-08
.3328E-08

DQ .1777sE-02

Do ¢ .178228-02

|l

1

A}
.1108g-03

1

\J

1

TOTAL VELD.

.8318¢8-04
.8318€-04
.8308¢8-04
.82
.8279E-08
.82832-04
.8227E-08
.8191E-0O4
.a1482-04
.8098¢E-04
.8048E-0O4
.8600E-04
.8398E-04
.8883E-048
.88828-04
.8%33e-04

E-04

.1108g-01
.t1082-03

106€-013
tosg-03
108E-03

108E-01
1042 -03
tO3E-03

.1103E-03
.1102E-03
.1202E-03
.1202g-03
.1201E-03
.1201E-02
.1200€8-01
.1198€-01

13012-01]

.1301E-01
. 1300€-03
.1299E-02

1288g-03

.1297€-03
.12988-03
.1283E-03
.1290€-03
.1287€-013
.1288%€-03
.1489E-01
.1480E-013
L1481E-013
.14638-03
-1488E-03
.1488E-03

1818¢-01
1818g-01

.1817E-02
.18620€-03
.1623£-01
.1829E-03
.1834E-03
.1842E8-03
.1880g-03

12-03
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RUN ADS2 SP = 25 FEET DEPTH = 20 FEET K = .2. DEPTH = 58'.
2,0.0001
93,30,0,30,20,6,5,0
1,-340,0,1
5,-340,34,1
11,-340,78.0,0
18,-200,0,1
22,-200,34,1
28,-200,78.0,0
35,-80,0,1
39,-80,34,1
45,-80,77.0,0
52,0,0,1
56,0,34,1
62,0,74.0,0
69,50,0,1
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294,106.0,
300,107.0,
307,110.0,
311,110.0,
317,109.0,

<5,
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. 460,146.

324,114.0,0,1
328,114.0,34,
334,113.0,6
341,118.0,
345,118.0,
351,117.0,
358,122.0,
362,122.0,
368,123.0,
375,126.0,
379,126.0,
385,127.0
392,130.0,
396,130.0,
402,131.0
409,134.0
413,134.0
419,133.0
426,138.0,
430,138.0,
436,137.0,
443,142.0,
447,142.0,
453,141.0
0
0
0
0
0
0
0
0
0
0
0
0,

464,146.
470,147,
477,150.
481,150.
487,151.
494,154.
498,154,
504,155.
511,156.
515,156.
521,156.
1,12,18,19, 0,1 »3,2,4,
18,29,35,36,37,30,20,19,4,0.
35,46,52,53,54,47,37,36,4,0.
3,4,0.

4,0.

w o

52,63,69,70,71,64,54,53,4,
69,80,86,87,88,81,71,70,

86,97,103,104,105,98,88,85 4 .2

o

-

-

- -

4
1
8
5
2
188 199 205, 206 207 200 190 189
205,216,222,223,224,217,207,206
222,233,239,240,241,234,224,223
239,250,256,257,258,251,241,240
7
4
1
8
5
2
9
6
3

NN NDDNDDDDDDNDNDNODN

“ e e e e e e oeeoeeoe O
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256,267,273,274,275,268,258,25
273,284,290,291,292,285,275,27
290,301,307,308,309,302,292,29
307,318,324,325,326,319,309,30
324,335,341,342,343,336,326,32
341,352,358,359,360,353,343,34
358,369,375,376,377,370,360,35
375,386,392,393,394,387,377,37
392.603,409,410.411,404,394,39

-
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-
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409,420,426,427,428,421,411,410
426,437,443,444,445,438,428,427
443,454,460,461,462,455,445,444,
1,
8
5

460,471,477,478,479,472,462,46
477,488,494,495,496,489,479,47
494,505,511,512,513,506,496,49
1,78.0,5,2,1

96,58.0,1,17,6

198,58.0,1,17,6
300,58.0,1,17,6
402,58.0,1,17,6
504,58.0,1,17,6
11,5,28,22,45,39,62,56,79,73,96,90,113,107,130,124
147,141,164,158,181,175,198,192,215, 209,232,226, 249,243,266,260
283,277,300,294,317,311,334,328,351,345,368,362,385, 329,402, 396
419,413,436,430,453,447,470,464,487,481,504,498
17,34,51,68,85,102,119,136,153,170,187,204,221,238,255,272
289,306,323,340,357,374,391,408, 425, 442,459,476,493
96,1,17,198,1,17,300,1,17,402,1,17,504,1,17

SP=25..K = .2..D = 20 FT...END OF PROBLEM.
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RUN ADSB2 sP » 28 PFERT bDEPTH 1+ 20 FREET K 3 . 2. DEPTH B3’ .
NOIMEN 3 FERR . 00010

£

NNPC = 93 NELEME s 30 NPROC ¢ o uPFg = 30 ITGIV « 20 NPODC 8 NSPPFAC + & ITiME » o
(1]

ATED MODAL POINY DATA AND (X)-{Y) COORDINATES

S

noot 1 Ke . 0000 AL 0.0000
noow 3 | 4] . 0000 Y 17.0000
uoow $ Xa . 0000 Ye 34.0000
NooR b ns . 0000 Ye 48.0887
L noor L} P 3 . 0000 Ys $3.3333
NooR LN Ks . 0000 ¥s 78.0000
NODR 8 Ne . 0000 Y 0.0000
§ sooE 20 A . 0000 Ye 17.0000
nooE 22 Xe . 0000 Yo 00
nove 136 Xe . 0000 Ys
NoDE 28 Xe . 0000 Ya
'*’Q‘ NODE 22 ns . 0000 ¥
. agoe 38 X . 0000 Y
& NODE 37 X . 0000 Ye
“r KooR 38 X .0600 ve
NODE 81 ns 0. 0000 Ys
NodDE 43 | 4 ©.0000 Ye
ncpe &8 xs ©.0000 Y
HO0DE 82 A ©.000¢ v
NODE 1 13 A 0.0000 Yu
NODN X 0.0000 Yo
xn ©.0000 ¥Ya
X 0.0000 Ye
Xs 0.0000 Y
xs 80 .0000 Y
h 1 4 $0. 0000 Y
| 4 $0.0000 Y
| ] oQo0 Ye
. 0000 Ye

. 0000

‘.'ﬁiiﬂ'ﬁ‘ﬂ. .5. LS R “ ¥ A
LR, RN R ,Q"i.'y‘l“i}i_" 0" " |t‘3§,,
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1
2
3
L]
| 4
L]
?
s
1
10

1
O0AL POINTS. .. 8121}

ELEMENTS . . .. ... 180
NODAL POINTS

218
-

ARERLTER

13 3
18 s
18 7
10 L
7 11
30 20
3t 22
32 28
3 26

92 ':. ’v‘l

2 . 200008900
. . 200008400
[ .200008+00
s . 200008400
10 .300008¢00
19 .20000K%00
21 . 200008 ¢00
23 . 200008+00
as .200008+00
27 . 200008+00

- 20000R+00
. 200008400
.200008+00
. 200008400
. 20000R+00
. 200008 +00
-200008+00
.200008+00
. 200008¢00
. 20000R+00
. 200008400
. 200008400
. 200008+00
.200008+00
20000R+00
. 200008+00
. 200000+00
. 200008400
. 200008+00
. 3200008+060
-200008+00
.200008+00
. 200008+00
. 300008 ¢+00
.200008+00
.200000+00
.200008¢00
. 200008+00
.200000+00
. 200008400
. 200000000
. 20000R+00
. 200000¢00
.200008¢00
200008400
. 200000400
. 200000 ¢80
. 200008400
. 200008400
. 200008+00
.20000R+00
. 200008+00
. 200008+00
. 200008+00
.200008+00
. 200008000
, 200000 +00
. 200008400
.200000+00
. 20000800
Lot 2AR0REARA

. 20000K+00
. 200040+00
.200008+00
.200008+00
. 20000

-200008+00
. 200008+00
30000800
.30000#+00
-20000R+00
. 200000 +00
. 200008+00
. 300008 ¢+00
-300008+00
- 200000400
. 20000800
.300008+00
.300008¢00
-200008+00
. 200008 +00
. 200008+00
. 200008 +00
. 200008+00
.200000+00

.200008¢+00
. 20000800
. 200008+00

. 20000800
- 200008+00
.200000+00
-200008+00
. 200008+00
.200008%00
. 300008+00

.200000+00
. 200008400

. 200008+00
-200000¢+00
. 200000400
.200008¢00
.200008+00
.300000+00
.200008+00
. 200000+00
. 200008400
.200008+00
. 200008 +00

00
200008+00
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.2 224 218 218 200 208 .200008+00 200008+00 °
3 228 227 219 211 210 . 200008400 200008400 °
ss 128 219 220 213 212 .200008+00 200008400 °
[13 230 231 221 218 218 .200008+00 . 200002+00 °
1 260 223 .200008+00 .2000084+00 °
(3 228 .200008+00 . 200008400 °
1) 227 .200008+00 .200008+00 o
. 13 229 .200008400 .200008+00 °
'a) 70 231 .200008+400 .200008+00 °
ine 71 260 .200008+00 .200008+00 o.
&i 72 262 .200008+00 . 200008400 °.
J 73 248 .200002+00 .200008¢400 °.
74 240 . 200008400 .200008+00 °.
78 248 .20000E+00 .2000084+00 o.
T8 287 .20000E+00 .200008+00 °.
1 289 .200008+00 .200008+00 °.
78 201 .200008+00 .200008+00 °.
78 283 .20000E+00 .200008+00 °.
so 288 . 200008400 .200008+00 o,
X 274 . 200008400 .200008+00 [
2 278 . 200008400 .20000E+00 0.
83 278 . 200008400 .200008+00 0.
ss 280 .200008+00 .200008+00 °.
ss 202 .200008+00 . 20000800 o.
e 291 .200008+00 . 200008400 °
'3 293 .200008+00 .200008+00 o.
ss 298 .200008400 .200008+00 °.
e 297 . 200008400 .200000+00 °.
so 299 .200008+400 . 200008400 0.
(X 308 .200008+00 .200008+00 0.
2 310 .20000£+00 .200008+400 0.
[T 312 .200008+00 .200008+00 °
4 314 .200008+00 .2000084+00 e
1] 318 .200008+00 . 200008400 o.
£ ] ) 328 . 20000800 .20000E+00 0.
. '} 327 .200008+00 .200002+00 °.
i, .. 330 . 200008400 .200008+00 o.
I 1] 3t .200008+00 .200008+00 °.
D 100 133 .200008+00 .200008+00 o.
to1 342 .200008+00 .200008400 °
102 344 .200008+00 .200008400 °.
103 340 .20000E+00 . 200008400 o.
108 348 .200008+00 . 200000400 o.
ﬂf 108 380 .200008+00 .200008+00 0.
%] 108 Ise . 200008 +00 .200008+00 °.
K}. 107 381 . 200008 +00 .200008+00 o.
108 363 .200008 400 .200008+00 °.
109 308 . 200008400 .200008+00 °.
110 367 . 200008 v00 . 200008400 °.
111 378 . 200008400 .200008+00 o.
% 112 378 .200008+00 .200008400 0.
112 380 . 200008400 .200008+00 o.
118 382 . 200008400 .200008+00 °.
tis 384 . 200008 +00 .200008400 °. B
te 93 . 200008 +00 .200008¢00 °.
117 38 . 200008400 . 200008400 °.
~ 118 07 .200008¢00 .200008+00 °.
e 110 300 .200008+00 .200008+400 °.
. 120 401 . 200008400 .200008+00 °.
- 121 410 . 200008400 . 200008400 0.
e 122 a1z . 200008400 . 200008400 °.
123 14 . 200008400 . 200008400 o.
124 are .200008+00 .200000+00 °.
- 128 ars . 20000800 .200008+00 °.
tas .27 . 200008400 .200008+00 0.
127 aze . 200008+00 .200008¢00 °.
136 430 430 447 848 .200008+00 . 200000400 °.
120 ° .200008+00 .200008+00 e.
-jr 130 .200008+00 .200008+00 o.
' 131 . 200008 +00 .200008+00 o,
A 132 .200608 «00 . 200008400 o,
o 133 .200008+00 .100008+00 e.
136 . 200008400 .200008+00 o.
138 .200000+400 . 200008400 o.
130 .200008+00 . 200008400 o.
137 . 200008400 . 200008400 o.
138 .200008+00 .200008+00 o,
30 . 200008 +00 . 200008 +00 °.
180 . 200008400 .200008+00 [
161 .200008+00 . 20000800 °.
182 . 200008400 .200008400 °.
143 . 200008400 . 200008400 o.
< 188 .200008+00 .200008+00 °.
148 .200008 400 .200008+00 0.
rae . 200008400 .200008+00 °.
P, t47 . 200008400 . 200008400 0.
188 . 200008400 .200000+00 Q.
180 s .200008400 .200008+00 o.
180 so® s20 821 503 .200008+00 .200008+00 0.
' OIRICHLET DOUNDARY CONDITION DATA
\ ononEs RESPECTIVE DIRICHLET SOUNDARY CONDITIONS
Y
) 78.0000 . 0000
78.0000 . 0000
. 0000
- . 0000
o7 . 0000
P 0000
), . 0000
. 0000
o000
. 0000
- . 0000
. . 0000
.. . 0000
- . 0000
- o000
. 0000

ﬁ NODAL PEINTS ON P

1" 17 28 4 s " 2 (1] 79 as 8 102 113 119 130 130 147 183 188 170
8¢ 187 198 32048 218 22% 232 238 240 288 266 272 283 269 300 3JO08 117 3I23 334 340
387 38T 38 374 388 3I9' 802 408 419 428 438 442 a3 & 470 478 487 483 S04 °

PACR WOOAL POINT OATA
CONSEOUTIVE NOOR WUMBERS ON THER SEEPAGE ract

ITER ¢ 1

HEW COOMDINATES OF THE FREE SURFACE LINS
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HODEsA8Y

NODE <288
wa uOoEs2es
nape 232

NQOERe 13!
NODRr 104

K 3 3 BE N BN M NI N6 N M NC A 3 NE B B MG MK MG BC NN B B BT
R R R R R E R R

ITER » 2

NEW COORDINATES OF THE FREE SURFACE LINE

PF« NQOReaS? 180 $8.1412

i oot s

NODEs 181
(111 1R11]

3N G 3 BE 36 B N MK M BE MC BC M RE M N BE M M M B 3 B BC M B XX M
A A AL LA A AL LA L L LLCALCLC AL CCC LS
R R N N L NI I S R

00N 28
. NODEs 1
ITER o 3

o.::‘ NEW COORDINATES OF THNER FREE SURFACE LINE
-
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.}. noDReas?
‘a
r,
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-

AL L LA LCLALLCLALCLCLCAL AL LA AL

1108

.28728-03
.28870-03
.3227€¢-02
.31872-03

0]

uoDgs 11
CONVERGENCE CHECK ERROR . e2278-08
ONODE ¥ COORDINATE v COORDINATE v-POTENTIAL X-VRLOCITY Y-vELOCITY ToTAL vELO. saes. coer.
:J ' .0000 78.0000 -.82148-02 -.12038-06 .62180-02
2 _s000 78. 0000 - 82118-02 - 97838-18 .82110-02
\d 3 -360.0000 0000 . 0000 - ‘s1188-08 .82028-02
4 .85000 . 0000 - .
N .0000 - .20022-04
. .0000 - 8870818
7 . 0000 - .30818-04
» 0060 .
N 0000 - . ee318-08
10 ~0000 -
1 . 0000 .
2 0770 -
'3 ‘oot -
18 osne -
g " Nets -




~ - 140 . 0000 - -.18322-08
-140 0000 - .10108-03
-160.0000 - .2023¢-03
~160.0000 -
-140.00c0 -
-140.0000 -
-80.0000 -
’ -80.0000 .
-80.0000
-80.0000 -
-80.0000 -
-80.0000 -
-80.0000 -
. -80.0000
, -80.0000 -
-80.0000 -
-80.0000 .
) -40.0000 - -
\ -40.0000 N
d -40.0000 .
- -40.0000 -
" -40.0000 .
v, -40.0000 - .
}( 0.0000 - .38708-04
- 0.0000 - -.2212¢-04
©.0000 -
0.0000 . -
©.0000 -
o o000 -
0.0000 .
, ©.0000 -
{ 0.0000 .
©.0000 -
0.0000 .
T
] .
4 .:. :
N a . .
- -.38238-08
- -.7078¢-03
. .1387R-02
.22738-02
-.30172-02
b -.36708-02
1183801 -
' .
? .
.
O\. -
o~ . .
<’ - -
~ " )
. -.10148-01 -
R .
) -.17e08-01 ..
- -.31808-01% ..
o -.7T1e08-02
5 " - [ss21K-02
100 - .10238-01
101 - . .1207€-01
N 102 - -
' 1e3 .
100 - -
108 - -
108 - -
3 107 . .
108 . -
108 - -
SN 110 - -
¢ S 11 - -
. 112 - .
2 113 - .47972-01
118 - soz28-02
* 1 - -
118 - -
17 - -
118 - -
. 119 -
P Ny 120 .
121 - -
122 - -
123 - -
o 124 . -
. Ry 128 - -
LY . .
J N .
\ R .
' : :
. -.28140-02 .68288-02
. . o
4 ".'{ -
3 .
. 5 . -
)
L2102 .$2438-02 -
183 .3933€-02 ..
H .
0000
8.8000 -
17.0000 -
28.8000 -
34.0000 -
~ - 2 518 . es 300020 - - -
Ao ﬁ"'\ 3 "ﬂ- Ty 3 I 5 % Y "-J\.",
: Ay g d ) .
,5-.; LN N N i NN '




> Y

boee s

[

T

~

o

N

.2834E-02

.4228E-02
.3921E-02

.290880-012
.30128-02
.1881K-02

R R A T R A S R B N S B

)
.4383R-02
.4283€-0
.38878-02

. 34988R-02

227 asat 318.0847 .32098-02

.2007€-02

e

P T S S R N R R S T R RS

.1218¢2-048
14288-02
.2747R-02
3281R0-02
3488€-02
asoag-03
t9102-08
.7108R-03
.1398E-02
2027€-02
2088R-02
.2008R-02
.31e88-012
33028-02
. 3731€-02
.27388-02
1380-01
.31408-04
.13e28-02
2874€-02
.30738-02
3sp3e-02
37230-02
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, 291 108 - 1818€-02 © 1908E-02 31608-02 .
{\ 294 108 - . 22808-012 - 26828-02 313872-02
! 208 108 - . 2074K-02 - 27882-02
b 208 108 <. 1a81E-012 - . 2887€-02
297 108 - 1a39K-02 - 38112-02
208 108 - 14802-02 -.3008E-02
209 108 - .3788R-02 - 82%328-02
= . 300 107 0000 - . 92430-02 - 1388E-01
, 301 108 0000 - 2528L-02 - .9087E-08
1012 108 0000 -.2808R-02 - 12828-02
- 103 108 0000 -.2116R-02 c. 2614802
304 108 . 0000 - 17718-02
08 108 0000 - 13718-02
108 108 0000 - 11378-12
N 307 110 0000 -.2337E-02
308 110 0000 - .26808-02
309 110 0000 -.24910-02
30 -.22808-02

3N
312

-
E“'

.2817E-02

Lt1218- 02

122. 0000 . 1888E-02

BN

-1088E-02

L1T13E2-02
.19388-02
.22038-02
.24808-02

.1833%-02

.2023E-02
.22308-02
.2300E-02
.24028-02
.2 02
.26628-02
-.1887%2-02 .2813€-02

[ R R A R R B R R
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PP

.2870€-02
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- - .17318-02
- - .2Vv18E-02
% . - .23241-02
iy I Z
(e -
. -.3088E-03 13118-02
. -.9180K-03 18800-02
. - 1327802 .1783¢-02
. .20128-012
- .212280-02
o - 2221€-02
. .1078E-01
oy - .8978€-03
- - 14082-02
. 19348-02
- .21828-02
. .21448-02
sos - 1008E-01
so» - $3432-01
“4 XXy - 10812-02
E‘ s - . 1084E-02 1303E-02
f a2
o ar3
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SSEPAGE PACE COMPUTATION RESULTS

L1 B L 1] NE ¢ 13
TOTAL O1SCHARGE

ne = 13 NE ¢ 198
70"L DIsSCHARGE

L1 ] 19 NE s ans
TOTAL OISCHARGE

L] B 218 Ng 300
TOTAL OI1SCHARGE

N8+ 300 NE s 317
TOYAL DISCHARGE

N s 317 NE ¢ 402
TOTAL DISCHARGE

L1 B 402 NE o a1e
TOTAL DISCHARGE

e v . ng » 504
TOTAL O1SCNARGE

NO ¢+ S04 ME ¢ 821
TOGTAL OISCHARGE

1 sP12% K s 2.

NOIMEN ¢ 3
6..-. 2ol e R
X L}
AR ag.l‘oﬂ

8 .0000
AVYE. YEL .812008-01
. . 102800400
AvE. VYEL .381070-01
L] .94070E4+00
Ave. VYEL .263828-01
. . 863468400
AvVE. YRL .208810-01
] .14440804+01
Ave. viEL .18840E-01
. .14783€401
AvVE. vYRL o .1276848-01
. .178800+0)
AVE. VERL ¢ .108838-01
] - 177780401
Ave. vEL .988108-02
) t g0
AvE VEL 201872-02
. .200428+0)
.0 s+ 20 FT .. END OF PRODLEM.
FERR 00010
L3 - (-I .l ’
PN A !ﬁ

T T S T T S B S

.9838R-0)
.se3oq-

.18838-02
.27018-02

.74120-04
.71208-04

4238-04
-03
-04

Jlassn-o02
.4sg0R-02

28-04

-38238-04
.tsuBR-04
.9821E-04
.2728E-12

L10488-08
. 42208-08

-3188k-04

.20000R+01

.220000+02

.200008+01

.220000¢02

.200008%+01"

.220000¢+02

.20000K%0!"

.220008+0°

. 100008401

4 T,
L S S

.T8018-02

18828-02
33828-03
.lll.l'ol
. oE-03
-.|l..l 02

.17878-02

.2

.7378R-02
.92298-064
.40088-03
.787sk-01

.1883E-02
.18328-02
.17%08-02
.20718-02
.17838-02
.80878-02
.93728-02

.78210-03
S1137R-02

0Q .102401+00
DO » .83830R¢00
0Q * .827048-01
0Q 1 .480880+00
0Q » .312000-0
0Q .28126R+00
0o » L211088-0Y
0o .217388¢00
[-1- 2] .801872-02
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